Open access

Review

Pim P van de Donk   ,1 Sjoukje F Oosting,1 Daan G Knapen,1
Anthonie J van der Wekken,2 Adrienne H Brouwers,3
Marjolijn N Lub-de Hooge   ,3,4 Derk-Jan A de Groot,1 Elisabeth GE de Vries1

To cite: van de Donk PP,
Oosting SF, Knapen DG, et al.
Molecular imaging to support
cancer immunotherapy. Journal
for ImmunoTherapy of Cancer
2022;10:e004949. doi:10.1136/
jitc-2022-004949
Accepted 08 July 2022

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

ABSTRACT
The advent of immune checkpoint inhibitors has
reinvigorated the field of immuno-oncology. These
monoclonal antibody-based therapies allow the immune
system to recognize and eliminate malignant cells. This
has resulted in improved survival of patients across
several tumor types. However, not all patients respond
to immunotherapy therefore predictive biomarkers
are important. There are only a few Food and Drug
Administration-approved biomarkers to select patients
for immunotherapy. These biomarkers do not consider
the heterogeneity of tumor characteristics across
lesions within a patient. New molecular imaging
tracers allow for whole-body visualization with positron
emission tomography (PET) of tumor and immune cell
characteristics, and drug distribution, which might guide
treatment decision making. Here, we summarize recent
developments in molecular imaging of immune checkpoint
molecules, such as PD-L1, PD-1, CTLA-4, and LAG-3. We
discuss several molecular imaging approaches of immune
cell subsets and briefly summarize the role of FDG-PET
for evaluating cancer immunotherapy. The main focus is
on developments in clinical molecular imaging studies,
next to preclinical studies of interest given their potential
translation to the clinic.
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INTRODUCTION
The immune system has long been recognized
to play a vital role in eliminating malignant
cells.1 The first immunotherapy for cancer
dates back to the 19th century with the work
of William B. Coley, using bacterial toxins.2 3
Since then, several major developments have
occurred. The most impactful discovery has
been antibodies targeting the immune checkpoints. These immune checkpoint molecules
maintain immunological tolerance and avoid
autoimmunity under physiological circumstances. Tumors misuse this mechanism to
dampen the antitumor immune response.
Targeting immune checkpoints allows the
immune system to recognize and eliminate
the malignant cells. A decade ago, the first
immune checkpoint inhibitor (ICI), ipilimumab, was approved to treat metastatic melanoma. This cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-
4) targeting monoclonal

antibody demonstrated impressive, durable
responses in a subset of treated patients.
Afterward, eight other ICIs were approved.
Most of them target either programmed cell
death 1 (PD-1) or programmed death-ligand
1 (PD-L1) (REF 4). However, more recently,
the lymphocyte-
activation gene 3 (LAG-
3)
targeting antibody relatlimab was approved
by the European Medicines Agency (EMA)
and the T cell immunoreceptor with Ig and
ITIM domains (TIGIT) targeting antibody
tiragolumab received a breakthrough therapy
designation from the United States Food and
Drug Administration.4 5
Still, many patients do not respond to
ICI therapy.6 Only a few biomarkers are
approved to select patients for ICI therapy.
PD-
L1 immunohistochemistry (IHC), IHC
for mismatch repair (MMR) proteins, PCR-
based assays for microsatellite instability, and
whole-
exome sequencing for tumor mutational burden are currently used for several
indications.7–9 However, these biomarkers
are far from perfect as they do not consistently predict treatment outcomes. Additionally, these assays are performed on tumor
tissue samples. The tumor can adapt to the
host’s immune system and treatment effects.
Therefore, previously collected tumor tissue
may not accurately reflect the current tumor
status. Obtaining new tissue would require
an invasive procedure which is not always
possible. Moreover, existing approaches do
not consider the heterogeneity of tumor
characteristics across lesions within a patient.
Multiple tumor subclones can be present in
one patient and be responsible for resistance
to therapy or result in oligo progression of
disease.10 11
New molecular imaging tracers are
emerging to address this issue. In the past few
years, single photon-
emission CT (SPECT)
and several new positron emission tomography (PET) tracers have been developed to
visualize components of the immune system.
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MOLECULAR IMAGING OF IMMUNE CHECKPOINTS
The molecular imaging tracers discussed in this review
can be roughly divided into two main groups, being
antibody (fragment)-
based tracers and a group of
smaller molecules, such as adnectins, peptides and small
molecule-based tracers. Each of these two approaches has
its distinct advantages and disadvantages.
Intact IgG monoclonal antibodies are relatively large
proteins of around 150 kDa. Therefore, PET imaging with
antibody-based PET tracers is generally performed several
days after tracer injection to allow sufficient tracer accumulation at the target site. These antibodies are labeled
with radioisotopes with long physical half-lives, such as
zirconium-89 (89Zr) or copper-64 (64Cu), to accommodate this imaging schedule. Additionally, the ICIs that are
currently approved are all antibodies. Radiolabeling those
antibodies provides insight into their biodistribution.
The group of smaller molecules are usually labeled with
radioisotopes with a short half-life, such as fluorine-18
(18F) or gallium-68 (68Ga). The small size is thought to
result in better tissue penetration and might allow for
earlier scanning after tracer injection. Given the smaller
size, the clearance is also faster than that of monoclonal
antibodies. There are currently no head-to-head comparison studies available.
PD-L1 imaging
PD-L1 is involved in maintaining immunological tolerance and preventing autoimmunity. PD-L1 is commonly
expressed by immune cells, such as T-cells and dendritic
cells, and non-
lymphoid parenchymal tissue cells and
tumor cells.12 To date, multiple different PD-L1 targeting
molecular imaging tracers have been evaluated in small
clinical trials.
The three approved therapeutic anti-PD-L1 antibodies:
atezolizumab, durvalumab, and avelumab have been
radiolabeled and are being evaluated for PET imaging in
patients.13–15 The first-in-human PD-L1 PET imaging study
was performed with [89Zr]Zr-atezolizumab in 22 patients
with metastatic non-
small-
cell lung cancer (NSCLC),
bladder cancer, and triple-negative breast cancer. They
were imaged before starting atezolizumab treatment.13
The total tracer dose of 10 mg protein, 2 mg labeled [89Zr]
Zr-atezolizumab with 8 mg of unlabeled atezolizumab, was
optimal for PET imaging. This study demonstrated tracer
uptake in lymphoid tissues such as the spleen, tonsils,
healthy lymph nodes, and bone marrow. Furthermore,
[89Zr]Zr-atezolizumab uptake in tumor lesions correlated
with tumor response to therapy, progression-free survival,
2

and overall survival. PD-L1 IHC on a fresh tumor biopsy
did not predict tumor response.13
Two studies have since been published using [89Zr]
Zr-durvalumab. The first evaluated [89Zr]Zr-durvalumab
PET in 13 patients with NSCLC at two imaging time
points. Here patients received 2 mg total protein dose
of [89Zr]Zr-durvalumab before ICI therapy and a second
tracer administration on the same day as the first 750 mg
therapeutic durvalumab dose. This resulted in a twofold
higher blood pool activity than in the first PET series.
Tracer uptake in tumor lesions, spleen, bone marrow, and
liver was lower than during the first PET series, indicating
some degree of saturation. Day 5, after tracer injection,
was optimal for image acquisition. The tracer biodistribution was similar to that of [89Zr]Zr-atezolizumab. Tracer
uptake in tumor lesions of responders was higher than
in patients with progressive disease but lacked statistical significance.15 [89Zr]Zr-
durvalumab PET was also
performed in 33 patients with metastatic head and neck
squamous cell carcinoma.16 The patients were imaged
before durvalumab treatment. Three tracer protein doses
were evaluated: 2 mg, 10 mg, and 50 mg. Ten mg resulted
in the highest tumor-to-blood ratio, and PET imaging
was performed on day 5 after tracer injection. [89Zr]
Zr-durvalumab tumor uptake, expressed as standardized
uptake value (SUVpeak), did not correlate with response to
therapy or PD-L1 IHC.
Lastly, PD-L1 PET imaging was performed in patients
with a zirconium-
89 labeled investigational anti-
PD-
L1
probody, [89Zr]Zr-CX-072.17 It is engineered to be activated by tumor proteases that remove a masking peptide
to allow tumor-specific PD-L1 binding.18 This study aimed
to analyze whether this antibody modification would
influence the biodistribution pattern. Eight patients were
scanned, three received the optimal tracer dose level of
10 mg. Tracer uptake in tumor lesions was highest on day
7 after tracer injection. Tracer biodistribution demonstrated the highest uptake in spleen, liver, and tumor
lesions, and in four patients, uptake was observed in
tonsils and lymph nodes. Uptake in healthy tissues, like
the spleen, was lower (SUVmean: 8.6) than those reported
for [89Zr]Zr-
atezolizumab and [89Zr]Zr-durvalumab
(SUVmean:~15), most likely due to its probody design.
Adnectin and peptide-based PET tracers have also been
evaluated for PD-L1 PET imaging. The first tracer evaluated in humans was [18F]-BMS-986192, a fluorine-18
labeled anti-PD-L1 adnectin.19 Image acquisition followed
1 hour after tracer injection. The biodistribution demonstrated high uptake in lymphoid tissues, such as the spleen
(SUVmean: 15.7±4.0) and bone marrow (SUVmean: 3.2±1.0).
Within and between the 13 patients included, there was
heterogeneous tumor uptake. [18F]-BMS-986192 uptake
was also seen in brain metastases.19 20 Tracer uptake
correlated with PD-L1 IHC in 13 fresh tumor biopsies but
not with response to nivolumab treatment.
The second tracer is gallium-68 labeled WL12, a high-
affinity PD-L1-binding small peptide.21 In nine patients
with NSCLC, image acquisition was performed 1 hour
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These new tracers might allow non-invasive whole-body
assessment of immunotherapeutic drug biodistribution,
immune checkpoints, and immune cell populations.
Moreover, these techniques would permit serial evaluation of the dynamic tumor microenvironment. In this
review, we will summarize recent developments and future
opportunities for molecular imaging for ICI therapy.
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PD-1 imaging
PD-1 is the receptor for PD-L1 and PD-L2 and is mainly
expressed by activated T-cells, regulatory T-cells (Tregs),
natural-killer T cells, B cells, and monocytes.22 Two of the
four approved anti-
PD-
1 antibodies, namely pembrolizumab and nivolumab, have been radiolabeled and evaluated in patients. A study was performed in 13 patients with
NSCLC using 2 mg [89Zr]Zr-nivolumab.19 Patients were
imaged before and during nivolumab treatment. However,
only tracer uptake in tumor lesions from the PET scan
before treatment is reported. [89Zr]Zr-nivolumab uptake
in tumor lesions correlated with PD-1 IHC staining, and
tracer uptake was higher in responding lesions, defined as
a 30% or more reduction in size compared with baseline.
Tumor response to therapy at a patient level, according
to the RECIST criteria, was not reported. Biodistribution
data revealed the highest uptake (SUVmean) in the spleen
(5.8±0.7), liver (4.8±2.2), kidneys (2.8±0.7), and bone
marrow (2.5±0.7). For the second PET series, where the
tracer injection coincided with the first therapeutic dose
of nivolumab (3 mg/kg), lower uptake was reported for
the spleen and bone marrow, whereas liver and kidney
uptake remained similar. This effect is likely due to partial
saturation by nivolumab of the PD-1 binding sites.
Two papers evaluated [89Zr]Zr-pembrolizumab for PD-1
PET imaging. These studies reported similar biodistribution compared with [89Zr]Zr-nivolumab, with high uptake
in lymphoid tissues. One study included 12 patients with
NSCLC who underwent two [89Zr]Zr-pembrolizumab PET
scans.23 The first scan was performed before pembrolizumab treatment, using a tracer dose of 2 mg of [89Zr]
Zr-pembrolizumab and imaging 7 days after tracer injection. The second tracer administration was on the day of
the first full therapeutic pembrolizumab dose of 200 mg,
with a PET scan 7 days later. Tracer uptake in the spleen
and tumor lesions was lower with the 200 mg unlabeled
predose than the 2 mg [89Zr]Zr-pembrolizumab dose
alone, suggesting that some saturation of PD-1 binding
sites occurred. Higher tracer uptake was observed in
lesions of responders to pembrolizumab treatment,
although this difference did not reach significance. The
other [89Zr]Zr-pembrolizumab study performed a PET
scan in 18 patients with metastatic melanoma or NSCLC
before PD-
1 antibody treatment.24 Tracer dose-
finding
was done for 5 and 10 mg total protein doses. The first six
patients were scanned on days 2, 4, and 7 after tracer injection. Optimal imaging results were achieved with a total
protein dose of 5 mg and PET imaging on day 7. Higher
[89Zr]Zr-
pembrolizumab tumor uptake correlated with
response to anti-PD-1 therapy (figure 1), progression-free

Figure 1 Two examples of [89Zr]Zr-pembrolizumab tumor
uptake (scaled 0–8) in patients with metastatic NSCLC and a
CT scan before and during PD-1 antibody treatment. (A) On
the left, an axial view of the baseline CT scan. In the middle,
the [89Zr]Zr-pembrolizumab PET/CT scan before starting
treatment shows no uptake in tumor lesions in right lung.
On the right, the first CT scan made 40 days on treatment,
demonstrating progressive disease. (B) On the left, an axial
view of the baseline CT scan before treatment. in the middle,
the [89Zr]Zr-pembrolizumab PET/CT scan before starting
treatment shows clear uptake in the lung lesion and in a bone
metastasis in the spine. On the right, CT scan made 44 days
on treatment demonstrating a partial response. NSCLC, non-
small-cell lung cancer; PET, positron emission tomography.

survival, and overall survival. Tracer uptake did not differ
between NSCLC and melanoma lesions. Biodistribution
results are similar to the [89Zr]Zr-nivolumab and [89Zr]
Zr-pembrolizumab studies.
CTLA-4 imaging
CTLA-4 is expressed by activated T cells and regulatory
T cells. CTLA-4 is upregulated after binding to the T cell
receptor to antigen-presenting cells. CTLA-4 competes
with the stimulatory molecule CD28 for binding to B7-1
and B7-2 on antigen-presenting cells, resulting in dampening of the immune response. Ipilimumab is currently
mainly administered with nivolumab to increase the
antitumor efficacy.25 This often also results in more side
effects. There is one ongoing CTLA-4 PET imaging trial
(NCT03313323), in which [89Zr]Zr-ipilimumab is evaluated patients with melanoma. [89Zr]Zr-ipilimumab PET
scans are performed before and after 3 weeks of ipilimumab treatment. A preliminary report about three
patients showed high uptake in liver and spleen and
uptake in 5 out of 12 tumor lesions.26 In future studies,
it could be interesting to see whether tumor uptake of
[89Zr]-ipilimumab can identify patients who might benefit
from adding ipilimumab to nivolumab.
LAG-3 imaging
LAG-
3 is another immune checkpoint that is increasingly being studied for cancer treatment. Fifteen LAG-3
targeting antibodies have been developed, and multiple
ongoing trials investigate LAG-3 blockade.27 The LAG-3
antibody relatlimab has been approved in combination
with nivolumab to treat patients with melanoma. LAG-3
is an inhibitory receptor, generally found on T-
cells,
natural-
killer cells, B-
cells, and dendritic cells.28 The
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after tracer injection. Biodistribution demonstrated high
uptake in the liver, small intestine, spleen, and kidneys.
Tracer uptake in tumor lesions (SUVpeak) correlated
with PD-L1 IHC staining of 9 tumor biopsies. Treatment
response was assessed in only three patients. Therefore,
no definitive conclusions can be made regarding tracer
uptake in tumor lesions and treatment response.

Open access

Other immune checkpoints
Many other immune checkpoint molecules are currently
under investigation for potentiating and optimizing ICI
treatment regimens. For some of these checkpoints,
molecular imaging tracers have already been developed
and are currently being evaluated. One of them is TIGIT,
which is present on T-cells and NK-cells.30 A gallium-68
labeled peptide targeting TIGIT ([68Ga]Ga-GP12) has
been evaluated for PET imaging of TIGIT.31 PET imaging
in a tumor-bearing mouse model revealed optimal tumor-
to-
muscle ratio 60 min after tracer injection. Pretreatment with excess GP12 reduced the PET signal, whereas
pretreatment with an anti-TIGIT monoclonal antibody
did not, indicating binding to another epitope. Afterward, first-in-human imaging of TIGIT was performed
in two patients with NSCLC receiving 203.5 and 233.1
MBq [68Ga]Ga-
GP12. The tracer cleared rapidly from
the blood pool, and the optimal imaging time point was
40 min postinjection. The tracer visualized primary and
metastatic lesions. An anti-mouse TIGIT antibody PET
tracer was also developed. The antibody was labeled
with [64Cu] and [89Zr], with superior contrast for [89Zr].
[89Zr]Zr-
TIGITmAb detected TIGIT+tumor infiltrating
lymphocytes in a melanoma allograft mouse model.32
T cell immunoglobulin and mucin domain-containing-3
(TIM-3) is another immune checkpoint for which a PET
tracer was developed,33 namely a rat anti-mouse TIM-3-
specific monoclonal antibody [64Cu]Cu-NOTA-RMT3–23.
[64Cu]Cu-
NOTA-
RMT3–23 PET visualizes the distribution of TIM-3-positive lymphocytes in melanoma mouse
4

models. PET signal was restricted mainly to the peritumoral regions.

MOLECULAR IMAGING OF IMMUNE CELLS
T-
cells are considered the main effector cells in the
antitumor immune response. Therefore, much effort is
put into developing PET tracers targeting T-cell lineage
markers. Ex vivo labeling of immune cells for imaging
is discussed at length elsewhere.34 Several studies have
found that T cell infiltration in the tumor is associated
with a higher chance of response to ICI therapy.35–39 In
theory, molecular imaging tracers targeting T-cell subsets
could be used to assess the degree of T cell infiltration
in all tumor lesions. Additionally, serial PET imaging
might serve to detect changes in T-cell densities in the
tumor following ICI therapy. As of yet, most knowledge
regarding T-
cell activation and migration following
checkpoint blockade comes from tumor tissue analyses
in neoadjuvant studies or studies performing serial biopsies (table 1).35 36 40–54 These studies show varying results.
Those that report an increase of T-cells in the tumors
following ICI therapy sometimes observe this already
after one or two treatment cycles. However, most of these
studies are relatively small, and their method of assessing
T-
cell infiltration varies. Multiple studies evaluating
neoadjuvant checkpoint blockade only report pathological response rates without specific immunohistochemical staining of T-cells.55–58 These studies provide further,
although circumstantial, evidence that the immune
response following ICI therapy could take place in a few
weeks.
CD8 PET
CD8 +T cell presence in the tumor before treatment
correlates with favorable responses to ICI therapy.35–39
Additionally, CD8 +T cells play an essential role in eradicating tumor cells and are thought to be reinvigorated
following ICI therapy. Three CD8 targeting PET tracers
are being evaluated in several different clinical trials.
The first-in-human CD8 PET imaging study used [89Zr]
Zr-Df-IAB22M2C ([89Zr]Zr-Df-crefmirlimab), a zirconium-
89 labeled anti-
CD8 minibody.59 60 In this phase
one study, the biodistribution suggested successful CD8
targeting, with high uptake in the spleen, bone marrow,
normal lymph nodes, and uptake in tumor lesions. Work
is ongoing to reduce the radioactivity dose,61 which would
further increase its applicability in patient care. The
other CD8 PET tracer being evaluated is 89ZED88082A,
a zirconium-89 labeled one-armed antibody.62 A clinical
study is ongoing evaluating CD8 PET imaging before
and during immunotherapy (NCT04029181). Preliminary results show specific CD8 targeting, with high tracer
uptake in the spleen, bone marrow, tonsils, and healthy
lymph nodes. Tracer uptake in tumor lesions was variable within and between patients. Tumor uptake was
higher in patients with MMR deficient tumors (n=9)
than in patients with MMR proficient tumors (n=28).
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exact mechanism through which LAG-3 exerts its inhibitory effect has not yet been fully elucidated. However,
the intracellular KIEELE motif is considered to play an
important role.28 The main target for LAG-3 is major
histocompatibility complex II (MHC-
II) on antigen-
presenting cells. However, several other targets have been
identified, such as galectin-3 (Gal-3) and fibrinogen-like
protein 1 (FGL1).28 Currently, three clinical PET imaging
studies are ongoing evaluating feasibility and safety of
LAG-
3 PET imaging (NCT04566978, NCT04706715,
and NCT03780725). Preliminary results of PET imaging
with anti-LAG-3 antibody BI 754111 ([89Zr]Zr-BI 754111)
in four patients with NSCLC and two with HNSCC
progressing on anti-PD-1 treatment were presented.29 The
first PET scan, using 4 mg protein of [89Zr]Zr-BI 754111,
was performed before starting ezabenlimab (anti-PD-1)
plus BI 754111 therapy. The second tracer injection coincided with the first therapeutic dose of BI 754111. The first
PET series demonstrated uptake in the liver and spleen
and heterogeneous tracer uptake in tumor lesions, both
within and between patients. The second series showed
clear saturating effects of the therapeutic BI 754111 dose
of 40 or 600 mg. This study was terminated prematurely
by the company. Two ongoing studies use [89Zr]-labeled
LAG-3 antibody fianlimab (REGN3767) for PET imaging
in diffuse large B cell lymphoma and advanced solid
tumors.
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Treatment

1 cycle pembrolizumab

1 cycle ipilimumab +2 cycles
nivolumab

2 cycles
durvalumab +tremelimumab

1 cycle pembrolizumab

4 cycles nivolumab or 3 cycles
ipilimumab +nivolumab

3 cycles MEDI6469
(OX40 agonist)

1 cycle nivolumab or placebo

2 cycles
durvalumab ±tremelimumab

3 cycles paclitaxel/carboplatin/
nivolumab

2 cycles
pembrolizumab +IFNα−2b

CTLA-4 blockade and/ or PD-1
blockade

Pembrolizumab

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Neoadjuvant

Serial biopsies

Serial biopsies

Melanoma

Melanoma

Melanoma

Non-small cell
lung cancer

HNSCC

Glioblastoma

HNSCC

Melanoma

HNSCC

Urothelial
carcinoma

Colon
carcinoma

Melanoma

Indication

46

53

30

46

28

30

17

23

36

28

40

27

N

RNA sequencing

Cytometry by time-of-
flight

IHC

IHC

Modality of CD8
assessment

Baseline, early
on treatment (2–3
doses), and at
progression
► Baseline
► 20–60 days
► 80–120 days
► 120 days

6 weeks

Days 84–91

Days 52–72

15 days

8–19 days

Increase in CD8 +T cells
in on-treatment biopsy for
responders

No changes in CD8 +T cells

Increase in ICOS +CD4+T
cells in tumor lesion of
responders (n=5), no change
in non-responders. CD8 IHC
not reported

Increase in CD8 +T cells after
therapy
Higher baseline CD8
expression in dMMR tumors.
Expansion of CD8 +T cells for
both groups, although more
pronounced in dMMR tumors

Change in T-cell density

Increase in CD8 +T cells in
responders

Increase in CD8 T cell density
in responders. Stable CD8
numbers in non-responders

IHC

Expansion of CD8 +T cells
and Tregs during treatment for
the cohort as a whole

Decrease in CD8 +T cell
density after treatment

No difference in CD8 +T
cells in patients with a major
pathological response and
non-responders

No change in IHC T cell
densities

IHC

Fluorescence IHC

Multiplex
immunofluorescence

IHC

Multiplex
immunofluorescence

Multicolor flow cytometry No change in IHC T cell
and multiplex IHC
densities

Biopsy week 3–5
IHC
and resection after
8–9 weeks

13–22 days

8–10 weeks

6 weeks

3 weeks

Sampling
timepoints

Overview of studies evaluating changes in T-cell infiltration following immune checkpoint inhibitor therapy

49

34

48

47

46

45

44

43

42

41

40

39

Continued

Reference
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Atezolizumab+bevacizumab

Nivolumab with or without
ipilimumab

Serial biopsies

Serial biopsies

Melanoma

Renal cell
cancer

Melanoma

101

10

23

13

53

N

IHC

Multiplex
immunofluorescence

cell single-cell flow
cytometry analysis

Modality of CD8
assessment

Baseline, 15–18
IHC
days after
bevacizumab and
4–6 weeks after
start atezolizumab/
bevacizumab.
Baseline and week RNA sequencing
2 or 4 on treatment

Baseline and early
on-treatment (<2
months)

Baseline and early
on treatment (14
days)

Baseline and on-
treatment (median
74 days)

Sampling
timepoints

Increase in CD8 +T cells in
responders

No increase in CD8 after
atezolizumab/bevacizumab
treatment

Increase of
CD68 +macrophages and
CD8 +T cells in responders

Expansion of CD8 +T cells

Increase in T cell frequency.
Increase in CD8 +effector
memory T cells in responders

Change in T-cell density

53

52

51

35

50

Reference

dMMR, deficient mismatch repair; HNSCC, head and neck squamous cell carcinoma; ICOS, inducible T cell co-stimulator; IFN, interferon; IHC, immunohistochemistry; Tregs, regulatory T cells.

Pembrolizumab or nivolumab

Serial biopsies

Anti-PD1 therapy (not specified) Melanoma

Serial biopsies

Melanoma

Pembrolizumab

Serial biopsies

Indication

Treatment

Continued
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Table 1

Open access

Open access

CD4 PET
CD4 assists in T-
cell activation through interaction
with MHC-
II on antigen-
presenting cells. Several CD4
targeting PET tracers are currently being developed to
image immunological processes. To our knowledge, no
clinical studies are ongoing evaluating CD4 PET imaging
in patients. Preclinical imaging studies have shown
specific tracer uptake in lymphoid tissues.64–70 With CD4
PET imaging in the context of cancer immunotherapy,
it is expected that besides visualizing pro-inflammatory
CD4 +T-helper cells, also anti-inflammatory CD4 +Tregs will
be visualized.
IL-2 imaging
Interleukin-2 (IL-2)-based molecular imaging tracers are
another strategy for T-
cell imaging. These probes are
directed against the high-affinity IL-2 receptor, expressed
by Tregs and activated effector T-cells. The first study evaluated [99mTc] labeled IL-2 ([99mTc]Tc-HYNIC-IL-2) during
ICI therapy. Three of the five patients included completed
both the baseline and the on-treatment [99mTc]Tc-HYNIC-
IL-2 SPECT scan. Metastatic lesions were visualized, and
a positive correlation between tumor lesion size and
[99mTc]Tc-HYNIC-IL-2 uptake was found. Serial imaging
during immunotherapy demonstrated increased uptake
in some lesions and decreased uptake in others.71
A study with fluorine-
18 labeled IL-
2 ([18F]FB-IL2)
was performed in 13 patients with metastatic melanoma.
They underwent PET imaging at baseline, and 11 patients
also underwent a [18F]FB-IL2 PET scan during treatment
with an ICI. Imaging findings did not correlate with clinical outcomes. Serial [18F]FB-IL2 PET imaging demonstrated a minor decrease in tracer uptake on-treatment
overall, with tracer uptake increasing in some lesions and
decreasing in others.72
[18F]F-AraG PET
Fluorine-
18 labeled 9-β-d-arabinofuranosylguanine
([18F]F-
AraG) is being investigated for imaging the
immune response in patients with cancer. The guanosine analog [18F]F-
AraG can be phosphorylated by
cytoplasmic deoxycytidine kinase and deoxyguanosine
kinase in T cells and is afterwards trapped intracellularly.73 This tracer is being evaluated for several indications, such as infection, auto-
immune disease, and
cancer immunotherapy. Although multiple trials with

this tracer are ongoing, limited clinical data is available. Biodistribution data has been published from six
healthy volunteers who underwent an [18F]F-AraG PET
scan, which showed high uptake in the kidneys, liver,
bladder, and cervical lymph nodes with low uptake in
the brain muscles, and heart.74
Granzyme-B PET
A novel approach for PET imaging in immuno-oncology
is measuring T-cell activity using granzyme B PET. Granzyme B is a serine-protease released by activated T-cells
and NK-cells for eliminating target cells.75 Visualization
of granzyme might therefore allow early assessment of
response to ICI therapy. A major strength of this approach
is that it focuses on T-cell activity rather than T-cell presence. Thus, granzyme PET only visualizes proinflammatory processes. Several studies evaluating granzyme B
PET for ICI therapy in different mouse models accurately
predicted response to ICI therapy.76–82 Granzyme B levels
were higher in human melanoma tumors responding
to ICI therapy.78 There is one ongoing clinical trial
evaluating granzyme PET with [68Ga]Ga-NOTA-hGZP
in patients with melanoma and NSCLC treated with
pembrolizumab (NCT04169321), two other trials are
listed (NCT04721756, NCT05000372), evaluating [18F]LY3546117 and [68Ga]Ga-
grazytracer respectively for
granzyme PET imaging, but not yet recruiting.
[18F]-FDG PET
Fluorine-18 deoxyglucose ([18F]-FDG)-PET is the most
commonly used molecular imaging tracer in oncology.
[18F]-FDG-
PET has been well established for staging
patients with cancer, including melanoma and NSCLC.
[18F]-FDG-PET is also increasingly studied as a tool for
response evaluation during ICI treatment.83–89 Although
these results show potential for [18F]-FDG PET, they
should be confirmed in adequately powered studies. As
of yet, [18F]-FDG PET serves mainly as a supportive tool
for anatomic imaging modalities such as CT and MRI. In
a study of 27 patients, [18F]-FDG PET was able to differentiate viable tumor tissue from residual fibrosis.89 Another
retrospective study in 104 patients with metastatic melanoma demonstrated that [18F]-FDG PET 1 year after treatment initiation is better able to assess complete response
than anatomical imaging.90 Five-year follow-up data were
recently published for this cohort showing sustained
responses in the majority of patients, especially those with
a complete metabolic response on [18F]-FDG PET.91 [18F]FDG PET is also used for more exploratory analyses such
as predicting response to ICI therapy or correlations of
tracer uptake in tumor lesions and PD-L1 status.92–101 A
downside of [18F]-FDG PET for these exploratory analyses is that glucose metabolism is not tumor-
specific.
Elevated glucose metabolism can be due to inflammatory
processes as well as to metabolic active tumor cells, which
complicates these kinds of analyses.
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Tracer uptake in tumor lesions was associated with CD8
tumor expression stained immunohistochemically, and
the autoradiography signal of biopsied lesions. Furthermore, higher tracer uptake in tumor lesions at baseline
showed a trend with improved clinical outcomes.63 Serial
CD8 PET imaging results for both tracers are not yet available. The third CD8 PET tracer currently being investigated is [68Ga]Ga-NODAGA-SNA006 (NCT05126927).
[68Ga]Ga-NODAGA-SNA006 is a gallium-68 labeled CD8
targeting nanobody. Currently, a phase 1 study is ongoing
to evaluate this tracer’s safety and imaging characteristics.

Open access

FUTURE DIRECTIONS AND CONCLUSIONS
As more immunotherapeutics are making their way into
the clinic, the demand for tools to select patients for the
right treatment increases. Molecular imaging can provide
valuable insight into the interplay between tumors and
the immune system. Radiolabeled therapeutic antibodies
can visualize the biodistribution of the drug. This might
support drug development and show whether the drug
reaches its target. Moreover, they can be used to semi-
quantitative assess the presence of their target and evaluate the heterogeneity of target expression at different
sites of interest. Given the complex mechanisms involved
in the immune response, one could foresee that one signal
biomarker will not suffice to predict tumor response to
ICI. Potentially molecular imaging might well contribute
here.
Molecular imaging tracers targeting the PD-1/PD-L1
axis have been most extensively studied to date and have
shown potential in discriminating between responders
and non-responders. Other immune checkpoints are also
being targeted, with multiple new tracers being developed. In the future, these tracers might aid in guiding
ICI treatment combinations or even switch to ICI monotherapy in individuals with much higher tracer uptake in
tumor lesions.
There are also challenges regarding applying molecular imaging in the setting of cancer immunotherapy.
Not all studies demonstrate a correlation between the
imaging results and clinical outcomes of the patients.
Most studies discussed here are feasibility studies, not
adequately powered to evaluate correlations with clinical outcomes. Additionally, there are substantial methodological differences between these studies, making
comparison difficult. Future studies should also include
a direct comparison to more commonly used biomarkers
for immunotherapy to adequately assess the value of these
tracers or the potentially improved value when molecular
imaging is combined with other biomarkers.
The technology behind molecular imaging is also
body PET scanners provide far high
refining. Total-
sensitivity than previous systems. These new scanners
8

offer higher image quality, allow for shorter scan times,
and require less radioactivity. Reducing radiation exposure is key for patients with durable disease-free survival
following ICI therapy and the application of these tracers
for other non-cancer indications.
Molecular imaging provides insight for the evaluation of the effects of ICI therapy. However, the studies
discussed in this review are of modest size, and therefore,
further studies in larger cohorts are warranted to evaluate
the impact for patient selection for immunotherapies.
Twitter Elisabeth GE de Vries @VriesElisabeth
Contributors Design: PvdD and EDV. Writing: PvdD. Figure: PvdD. Review and
editing: SO, DK, AvdW, AB, ML-dH, D-JAdG and EDV. All authors have read and
agreed to the submitted version of the manuscript.
Funding Supported by the Dutch Cancer Society grant POINTING (number 10034).
Competing interests EDV reports an advisory role at Daiichi Sankyo, NSABP, and
Sanofi and research funding from Amgen, AstraZeneca, Bayer, Chugai Pharma,
Crescendo, CytomX Therapeutics, G1 Therapeutics, Genentech, Nordic Nanovector,
Radius Health, Regeneron, Roche, Servier, and Synthon (paid to UMCG). AvdW
reports an advisory role at Janssen, Takeda, and Boehringer-Ingelheim (paid to
UMCG) and research funding from AstraZeneca, Boehringer-Ingelheim, Pfizer,
Roche, and Takeda. ML-dH reports research funding from Merck, Bayer, and Amgen
(paid to UMCG). SO reports research funding from Novartis, Pfizer and Celldex
Therapeutics (paid to UMCG) and an advisory role at Bristol Myers Squibb (paid to
the UMCG).
Patient consent for publication Not applicable.
Ethics approval Not applicable.
Provenance and peer review Commissioned; externally peer reviewed.
Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.
ORCID iDs
Pim P van de Donk http://orcid.org/0000-0002-0003-525X
Marjolijn N Lub-de Hooge http://orcid.org/0000-0002-5390-2791

REFERENCES

1 Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov
2022;12:31–46.
2 McCarthy EF. The toxins of William B. Coley and the treatment of
bone and soft-tissue sarcomas. Iowa Orthop J 2006;26:154–8.
3 Wiemann B, Starnes CO. Coley's toxins, tumor necrosis factor
and cancer research: a historical perspective. Pharmacol Ther
1994;64:529–64.
4 Beaver JA, Pazdur R. The wild West of checkpoint inhibitor
development. N Engl J Med 2022;386:1297–301.
5 Twomey JD, Zhang B. Cancer immunotherapy update: FDA-
approved checkpoint inhibitors and companion diagnostics. Aaps J
2021;23:39.
6 Haslam A, Prasad V. Estimation of the percentage of US patients
with cancer who are eligible for and respond to checkpoint inhibitor
immunotherapy drugs. JAMA Netw Open 2019;2:e192535.
7 Davis AA, Patel VG. The role of PD-L1 expression as a predictive
biomarker: an analysis of all US food and drug administration (FDA)
approvals of immune checkpoint inhibitors. J Immunother Cancer
2019;7:278.
8 Marabelle A, Fakih M, Lopez J, et al. Association of tumour
mutational burden with outcomes in patients with advanced solid
tumours treated with pembrolizumab: prospective biomarker
analysis of the multicohort, open-label, phase 2 KEYNOTE-158
study. Lancet Oncol 2020;21:1353–65.
9 Marcus L, Lemery SJ, Keegan P, et al. Fda approval summary:
pembrolizumab for the treatment of microsatellite instability-high
solid tumors. Clin Cancer Res 2019;25:3753–8.

van de Donk PP, et al. J Immunother Cancer 2022;10:e004949. doi:10.1136/jitc-2022-004949

J Immunother Cancer: first published as 10.1136/jitc-2022-004949 on 3 August 2022. Downloaded from http://jitc.bmj.com/ on August 15, 2022 by guest. Protected by copyright.

[18F]-FLT PET
Imaging of proliferation, using 3'-deoxy-
3'-[18F]18
fluorothymidine ([ F]-FLT) PET, has also been performed
in the context of cancer immunotherapy. After entering
the cell, [18F]-FLT is phosphorylated by thymidine kinase
1 and is subsequently trapped intracellularly. The activity
of thymidine kinase 1 is elevated during the S phase of
the cell cycle. Therefore, [18F]-FLT-PET can be used as an
indirect measure of cell proliferation. The largest study to
date evaluated [18F]-FLT-PET in 26 patients with advanced
NSCLC.102 [18F]-FLT-PET scans were performed before,
after 2 weeks, and after 6 weeks of anti-PD-1 antibody
therapy. In this cohort, changes between the baseline and
week 6 [18F]-FLT-PET scans were able to predict progression of disease with 90.9% accuracy.102

Open access
35 Chen P-L, Roh W, Reuben A, et al. Analysis of immune signatures
in longitudinal tumor samples yields insight into biomarkers of
response and mechanisms of resistance to immune checkpoint
blockade. Cancer Discov 2016;6:827–37.
36 Edwards J, Wilmott JS, Madore J, et al. CD103+Tumor-
Resident CD8+ T Cells Are Associated with Improved Survival in
Immunotherapy-Naïve Melanoma Patients and Expand Significantly
During Anti-PD-1 Treatment. Clin Cancer Res 2018;24:3036–45.
37 Ribas A, Comin-Anduix B, Economou JS, et al. Intratumoral
immune cell infiltrates, FOXP3, and indoleamine 2,3-dioxygenase in
patients with melanoma undergoing CTLA4 blockade. Clin Cancer
Res 2009;15:390–9.
38 Wong PF, Wei W, Smithy JW, et al. Multiplex quantitative analysis
of tumor-infiltrating lymphocytes and immunotherapy outcome in
metastatic melanoma. Clin Cancer Res 2019;25:2442–9.
39 Lee JS, Ruppin E. Multiomics prediction of response rates to
therapies to inhibit programmed cell death 1 and programmed cell
death 1 ligand 1. JAMA Oncol 2019;5:1614–8.
40 Huang AC, Orlowski RJ, Xu X, et al. A single dose of neoadjuvant
PD-1 blockade predicts clinical outcomes in resectable melanoma.
Nat Med 2019;25:454–61.
41 Chalabi M, Fanchi LF, Dijkstra KK, et al. Neoadjuvant
immunotherapy leads to pathological responses in MMR-
proficient and MMR-deficient early-stage colon cancers. Nat Med
2020;26:566–76.
42 Gao J, Navai N, Alhalabi O, et al. Neoadjuvant PD-L1 plus CTLA-4
blockade in patients with cisplatin-ineligible operable high-risk
urothelial carcinoma. Nat Med 2020;26:1845–51.
43 Uppaluri R, Campbell KM, Egloff AM, et al. Neoadjuvant and
adjuvant pembrolizumab in resectable locally advanced, human
papillomavirus-unrelated head and neck cancer: a multicenter,
phase II trial. Clin Cancer Res 2020;26:5140–52.
44 Amaria RN, Reddy SM, Tawbi HA, et al. Neoadjuvant immune
checkpoint blockade in high-risk resectable melanoma. Nat Med
2018;24:1649–54.
45 Duhen R, Ballesteros-Merino C, Frye AK, et al. Neoadjuvant
anti-OX40 (MEDI6469) therapy in patients with head and neck
squamous cell carcinoma activates and expands antigen-specific
tumor-infiltrating T cells. Nat Commun 2021;12:1047.
46 Schalper KA, Rodriguez-Ruiz ME, Diez-Valle R, et al. Neoadjuvant
nivolumab modifies the tumor immune microenvironment in
resectable glioblastoma. Nat Med 2019;25:470–6.
47 Ferrarotto R, Bell D, Rubin ML, et al. Impact of Neoadjuvant
Durvalumab with or without Tremelimumab on CD8+Tumor
Lymphocyte Density, Safety, and Efficacy in Patients with
Oropharynx Cancer: CIAO Trial Results. Clin Cancer Res
2020;26:3211–9.
48 Provencio M, Nadal E, Insa A, et al. Neoadjuvant chemotherapy
and nivolumab in resectable non-small-cell lung cancer (NADIM):
an open-label, multicentre, single-arm, phase 2 trial. Lancet Oncol
2020;21:1413–22.
49 Najjar YG, McCurry D, Lin H, et al. Neoadjuvant pembrolizumab and
high-dose IFNα-2b in resectable regionally advanced melanoma.
Clin Cancer Res 2021;27:4195–204.
50 Tumeh PC, Harview CL, Yearley JH, et al. Pd-1 blockade induces
responses by inhibiting adaptive immune resistance. Nature
2014;515:568–71.
51 Ribas A, Shin DS, Zaretsky J, et al. Pd-1 blockade expands
intratumoral memory T cells. Cancer Immunol Res 2016;4:194–203.
52 Vilain RE, Menzies AM, Wilmott JS, et al. Dynamic changes in
PD-L1 expression and immune infiltrates early during treatment
predict response to PD-1 blockade in melanoma. Clin Cancer Res
2017;23:5024–33.
53 Wallin JJ, Bendell JC, Funke R, et al. Atezolizumab in combination
with bevacizumab enhances antigen-specific T-cell migration in
metastatic renal cell carcinoma. Nat Commun 2016;7:12624.
54 Grasso CS, Tsoi J, Onyshchenko M, et al. Conserved interferon-γ
signaling drives clinical response to immune checkpoint blockade
therapy in melanoma. Cancer Cell 2021;39:122.
55 Gao S, Li N, Gao S, et al. Neoadjuvant PD-1 inhibitor (Sintilimab) in
NSCLC. J Thorac Oncol 2020;15:816–26.
56 Bott MJ, Yang SC, Park BJ, et al. Initial results of pulmonary
resection after neoadjuvant nivolumab in patients with
resectable non-small cell lung cancer. J Thorac Cardiovasc Surg
2019;158:269–76.
57 Schoenfeld JD, Hanna GJ, Jo VY, et al. Neoadjuvant nivolumab or
nivolumab plus ipilimumab in untreated oral cavity squamous cell
carcinoma: a phase 2 open-label randomized clinical trial. JAMA
Oncol 2020;6:1563–70.
58 Forde PM, Chaft JE, Pardoll DM. Neoadjuvant PD-1 blockade in
resectable lung cancer. N Engl J Med 2018;379:e14.

van de Donk PP, et al. J Immunother Cancer 2022;10:e004949. doi:10.1136/jitc-2022-004949

9

J Immunother Cancer: first published as 10.1136/jitc-2022-004949 on 3 August 2022. Downloaded from http://jitc.bmj.com/ on August 15, 2022 by guest. Protected by copyright.

10 Versluis JM, Hendriks AM, Weppler AM, et al. The role of local
therapy in the treatment of solitary melanoma progression on
immune checkpoint inhibition: a multicentre retrospective analysis.
Eur J Cancer 2021;151:72–83.
11 Burrell RA, Swanton C. Tumour heterogeneity and the evolution of
polyclonal drug resistance. Mol Oncol 2014;8:1095–111.
12 Keir ME, Liang SC, Guleria I, et al. Tissue expression of PD-L1
mediates peripheral T cell tolerance. J Exp Med 2006;203:883–95.
13 Bensch F, van der Veen EL, Lub-de Hooge MN, et al. 89Zr-
atezolizumab imaging as a non-invasive approach to assess clinical
response to PD-L1 blockade in cancer. Nat Med 2018;24:1852–8.
14 Jagoda EM, Vasalatiy O, Basuli F, et al. Immuno-PET imaging
of the programmed cell death-1 ligand (PD-L1) using a
zirconium-89 labeled therapeutic antibody, avelumab. Mol Imaging
2019;18:1536012119829986.
15 Smit J, Borm FJ, Niemeijer A-LN, et al. Pd-L1 PET/CT imaging with
radiolabeled Durvalumab in patients with advanced-stage non-
small cell lung cancer. J Nucl Med 2022;63:686-693.
16 Verhoeff SR, van de Donk PP, Aarntzen EHJG, et al. 89 Zr-DFO-
durvalumab PET/CT prior to durvalumab treatment in patients with
recurrent or metastatic head and neck cancer. J Nucl Med 2022.
doi:10.2967/jnumed.121.263470. [Epub ahead of print: 05 May
2022].
17 Kist de Ruijter L, Hooiveld-Noeken JS, Giesen D, et al. First-
In-Human study of the biodistribution and pharmacokinetics of
89Zr-CX-072, a novel Immunopet tracer based on an anti-PD-L1
Probody. Clin Cancer Res 2021;27:5325–33.
18 Giesen D, Broer LN, Lub-de Hooge MN, et al. Probody Therapeutic
Design of 89Zr-CX-072 Promotes Accumulation in PD-L1-Expressing
Tumors Compared to Normal Murine Lymphoid Tissue. Clin Cancer
Res 2020;26:3999–4009.
19 Niemeijer AN, Leung D, Huisman MC, et al. Whole body PD-1 and
PD-L1 positron emission tomography in patients with non-small-cell
lung cancer. Nat Commun 2018;9:4664.
20 Nienhuis PH, Antunes IF, Glaudemans AWJM, et al. 18F-BMS986192
PET Imaging of PD-L1 in Metastatic Melanoma Patients with Brain
Metastases Treated with Immune Checkpoint Inhibitors: A Pilot
Study. J Nucl Med 2022;63:899–905.
21 Zhou X, Jiang J, Yang X, et al. First-in-Humans evaluation of a PD-
L1-Binding peptide PET radiotracer in non-small cell lung cancer
patients. J Nucl Med 2022;63:536–42.
22 Keir ME, Butte MJ, Freeman GJ, et al. Pd-1 and its ligands in
tolerance and immunity. Annu Rev Immunol 2008;26:677–704.
23 Niemeijer A-LN, Oprea-Lager DE, Huisman MC, et al. Study of
89
Zr-Pembrolizumab PET/CT in Patients With Advanced-Stage Non-
Small Cell Lung Cancer. J Nucl Med 2022;63:362–7.
24 Kok IC, Hooiveld JS, van de Donk PP, et al. 89Zr-pembrolizumab
imaging as a non-invasive approach to assess clinical response to
PD-1 blockade in cancer. Ann Oncol 2022;33:80–8.
25 Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Five-Year survival with
combined nivolumab and ipilimumab in advanced melanoma. N
Engl J Med 2019;381:1535–46.
26 Miedema IH, Zwezerijnen GJ, van Dongen GA. Tumor uptake and
biodistribution of 89Zirconium-labeled ipilimumab in patients with
metastatic melanoma during ipilimumab treatment. Clin Cancer Res
2019;1136.
27 Lecocq Q, Keyaerts M, Devoogdt N, et al. The next-generation
immune checkpoint LAG-3 and its therapeutic potential in
oncology: Third time’s a charm. Int J Mol Sci 2020;22:75.
28 Chocarro L, Blanco E, Zuazo M, et al. Understanding LAG-3
signaling. Int J Mol Sci 2021;22:5282.
29 Miedema IH, Zwezerijnen GJ, Thiele A. Tumor uptake of the anti-
LAG-3 tracer [89Zr]Zr-BI 754111 in HNSCC and NSCLC patients
progressing on previous anti-PD-1 treatment. Eur J Nucl Med Mol
Imaging 2021;48:S301.
30 Edwards J, Tasker A, Pires da Silva I, et al. Prevalence and cellular
distribution of novel immune checkpoint targets across longitudinal
specimens in treatment-naïve melanoma patients: implications for
clinical trials. Clin Cancer Res 2019;25:3247–58.
31 Wang X, Zhou M, Chen B, et al. Preclinical and exploratory human
studies of novel 68Ga-labeled D-peptide antagonist for PET imaging
of TIGIT expression in cancers. Eur J Nucl Med Mol Imaging
2022;49:2584–94.
32 Shaffer T, Natarajan A, Gambhir SS. Pet imaging of TIGIT
expression on tumor-infiltrating lymphocytes. Clin Cancer Res
2021;27:1932–40.
33 Wei W, Jiang D, Lee HJ, et al. ImmunoPET imaging of Tim-3 in
murine melanoma models. Adv Ther 2020;3:2000018.
34 Ponomarev Vet al. Imaging cellular immunotherapies: from
preclinical studies to patients. J Immunother Cancer in press.
doi:10.1136/jitc-2022-004902

Open access

10

81 Goggi JL, Hartimath SV, Xuan TY, et al. Granzyme B PET imaging of
combined chemotherapy and immune checkpoint inhibitor therapy
in colon cancer. Mol Imaging Biol 2021;23:714–23.
82 Hartimath SV, Ramasamy B, Xuan TY, et al. Granzyme B PET
imaging in response to in situ vaccine therapy combined with αPD1
in a murine colon cancer model. Pharmaceutics 2022;14:150.
83 Kaira K, Higuchi T, Naruse I, et al. Metabolic activity by 18F-FDG-
PET/CT is predictive of early response after nivolumab in previously
treated NSCLC. Eur J Nucl Med Mol Imaging 2018;45:56–66.
84 Anwar H, Sachpekidis C, Winkler J, et al. Absolute number of new
lesions on 18F-FDG PET/CT is more predictive of clinical response
than SUV changes in metastatic melanoma patients receiving
ipilimumab. Eur J Nucl Med Mol Imaging 2018;45:376–83.
85 Sachpekidis C, Anwar H, Winkler J, et al. The role of interim
18
F-FDG PET/CT in prediction of response to ipilimumab
treatment in metastatic melanoma. Eur J Nucl Med Mol Imaging
2018;45:1289–96.
86 Goldfarb L, Duchemann B, Chouahnia K, et al. Monitoring anti-PD-
1-based immunotherapy in non-small cell lung cancer with FDG
PET: introduction of iPERCIST. EJNMMI Res 2019;9:8.
87 Castello A, Grizzi F, Qehajaj D, et al. 18F-FDG PET/CT for response
assessment in Hodgkin lymphoma undergoing immunotherapy with
checkpoint inhibitors. Leuk Lymphoma 2019;60:367–75.
88 Ito K, Teng R, Schöder H, et al. 18F-FDG PET/CT for Monitoring of
Ipilimumab Therapy in Patients with Metastatic Melanoma. J Nucl
Med 2019;60:335–41.
89 Kong BY, Menzies AM, Saunders CAB, et al. Residual FDG-PET
metabolic activity in metastatic melanoma patients with prolonged
response to anti-PD-1 therapy. Pigment Cell Melanoma Res
2016;29:572–7.
90 Tan AC, Emmett L, Lo S, et al. Fdg-Pet response and outcome
from anti-PD-1 therapy in metastatic melanoma. Ann Oncol
2018;29:2115–20.
91 Dimitriou F, Lo SN, Tan AC, et al. Fdg-Pet to predict long-term
outcome from anti-PD-1 therapy in metastatic melanoma. Ann
Oncol 2022;33:99–106.
92 Lopci E, Toschi L, Grizzi F, et al. Correlation of metabolic information
on FDG-PET with tissue expression of immune markers in patients
with non-small cell lung cancer (NSCLC) who are candidates for
upfront surgery. Eur J Nucl Med Mol Imaging 2016;43:1954–61.
93 Kaira K, Shimizu K, Kitahara S, et al. 2-Deoxy-2-[fluorine-18] fluoro-
d-glucose uptake on positron emission tomography is associated
with programmed death ligand-1 expression in patients with
pulmonary adenocarcinoma. Eur J Cancer 2018;101:181–90.
94 Takada K, Toyokawa G, Yoneshima Y, et al. 18F-FDG uptake in
PET/CT is a potential predictive biomarker of response to anti-
PD-1 antibody therapy in non-small cell lung cancer. Sci Rep
2019;9:13362.
95 Hashimoto K, Kaira K, Yamaguchi O, et al. Potential of FDG-PET as
prognostic significance after anti-PD-1 antibody against patients
with previously treated non-small cell lung cancer. J Clin Med
2020;9:725.
96 Evangelista L, Cuppari L, Menis J, et al. 18F-Fdg PET/CT in non-
small-cell lung cancer patients: a potential predictive biomarker of
response to immunotherapy. Nucl Med Commun 2019;40:802–7.
97 Seban R-D, Mezquita L, Berenbaum A, et al. Baseline metabolic
tumor burden on FDG PET/CT scans predicts outcome in advanced
NSCLC patients treated with immune checkpoint inhibitors. Eur J
Nucl Med Mol Imaging 2020;47:1147–57.
98 Jreige M, Letovanec I, Chaba K, et al. 18F-FDG PET metabolic-to-
morphological volume ratio predicts PD-L1 tumour expression and
response to PD-1 blockade in non-small-cell lung cancer. Eur J
Nucl Med Mol Imaging 2019;46:1859–68.
99 Grizzi F, Castello A, Lopci E. Is it time to change our vision of tumor
metabolism prior to immunotherapy? Eur J Nucl Med Mol Imaging
2018;45:1072–5.
100 Mu W, Jiang L, Shi Y, et al. Non-Invasive measurement of PD-L1
status and prediction of immunotherapy response using deep
learning of PET/CT images. J Immunother Cancer 2021;9:e002118.
101 Ayati N, Sadeghi R, Kiamanesh Z, et al. The value of 18F-FDG PET/
CT for predicting or monitoring immunotherapy response in patients
with metastatic melanoma: a systematic review and meta-analysis.
Eur J Nucl Med Mol Imaging 2021;48:428–48.
102 Sato M, Umeda Y, Tsujikawa T, et al. Predictive value of 3'-deoxy-
3'-18F-fluorothymidine PET in the early response to anti-
programmed death-1 therapy in patients with advanced non-small
cell lung cancer. J Immunother Cancer 2021;9:e003079.

van de Donk PP, et al. J Immunother Cancer 2022;10:e004949. doi:10.1136/jitc-2022-004949

J Immunother Cancer: first published as 10.1136/jitc-2022-004949 on 3 August 2022. Downloaded from http://jitc.bmj.com/ on August 15, 2022 by guest. Protected by copyright.

59 Farwell MD, Gamache RF, Babazada H, et al. CD8-targeted PET
Imaging of Tumor Infiltrating T cells in Patients with Cancer: A
Phase I First-in-Human Study of 89 Zr-Df-IAB22M2C, a Radiolabeled
anti-CD8 Minibody. J Nucl Med 2021:jnumed.121.262485.
60 Pandit-Taskar N, Postow MA, Hellmann MD, et al. First-in-Humans
Imaging with 89 Zr-Df-IAB22M2C Anti-CD8 Minibody in Patients with
Solid Malignancies: Preliminary Pharmacokinetics, Biodistribution,
and Lesion Targeting. J Nucl Med 2020;61:512–9.
61 Korn R, Abbott A, Sunderland J. Dose reduction strategies
for optimizing [89Zr]Zr-Df-IAB22M2C PET scans using virtual
reconstruction (VR) techniques. Eur J Nucl Med Mol Imaging
2021;48:EPS-212.
62 Gill H, Seipert R, Carroll VM, et al. The Production, Quality Control,
and Characterization of ZED8, a CD8-Specific 89Zr-Labeled
Immuno-PET Clinical Imaging Agent. Aaps J 2020;22:22.
63 de Ruijter LK, van de Donk PP, Hooiveld-Noeken JS, et al. Abstract
LB037: 89ZED88082A PET imaging to visualize CD8+ T cells in
patients with cancer treated with immune checkpoint inhibitor.
Cancer Res 2021;81:LB037.
64 Santangelo PJ, Cicala C, Byrareddy SN, et al. Early treatment of
SIV+ macaques with an α4β7 mAb alters virus distribution and
preserves CD4+ T cells in later stages of infection. Mucosal Immunol
2018;11:932–46.
65 Freise AC, Zettlitz KA, Salazar FB, et al. Immuno-PET in
inflammatory bowel disease: imaging CD4-positive T cells in a
murine model of colitis. J Nucl Med 2018;59:980–5.
66 Traenkle B, Kaiser PD, Pezzana S, et al. Single-Domain Antibodies
for Targeting, Detection, and In Vivo Imaging of Human CD4+Cells.
Front Immunol 2021;12:799910.
67 Islam A, Pishesha N, Harmand TJ, et al. Converting an Anti-
Mouse CD4 Monoclonal Antibody into an scFv Positron Emission
Tomography Imaging Agent for Longitudinal Monitoring of CD4 + T
Cells. J.i. 2021;207:1468–77.
68 Freise AC, Zettlitz KA, Salazar FB, et al. ImmunoPET imaging
of murine CD4+ T cells using anti-CD4 cys-diabody: effects of
protein dose on T cell function and imaging. Mol Imaging Biol
2017;19:599–609.
69 Tavaré R, McCracken MN, Zettlitz KA, et al. Immuno-PET of
murine T cell reconstitution postadoptive stem cell transplantation
using anti-CD4 and anti-CD8 cys-diabodies. J Nucl Med
2015;56:1258–64.
70 Kristensen LK, Fröhlich C, Christensen C, et al. CD4 + and CD8a
+
PET imaging predicts response to novel PD-1 checkpoint
inhibitor: studies of Sym021 in syngeneic mouse cancer models.
Theranostics 2019;9:8221–38.
71 Markovic SN, Galli F, Suman VJ, et al. Non-Invasive visualization of
tumor infiltrating lymphocytes in patients with metastatic melanoma
undergoing immune checkpoint inhibitor therapy: a pilot study.
Oncotarget 2018;9:30268–78.
72 van de Donk PP, Wind TT, Hooiveld-Noeken JS, et al. Interleukin-2
PET imaging in patients with metastatic melanoma before and
during immune checkpoint inhibitor therapy. Eur J Nucl Med Mol
Imaging 2021;48:4369–76.
73 Levi J, Lam T, Goth SR, et al. Imaging of activated T cells as an
early predictor of immune response to anti-PD-1 therapy. Cancer
Res 2019;79:3455–65.
74 Ronald JA, Kim B-S, Gowrishankar G, et al. A PET imaging strategy
to visualize activated T cells in acute graft-versus-host disease
elicited by allogenic hematopoietic cell transplant. Cancer Res
2017;77:2893–902.
75 LaSalle T, Austin EE, Rigney G, et al. Granzyme B PET imaging
of immune-mediated tumor killing as a tool for understanding
immunotherapy response. J Immunother Cancer 2020;8:e000291.
76 Zhao N, Bardine C, Lourenço AL, et al. In vivo measurement of
granzyme proteolysis from activated immune cells with PET. ACS
Cent Sci 2021;7:1638–49.
77 Capaccione KM, Doubrovin M, Bhatt N, et al. Granzyme B PET
imaging of the innate immune response. Molecules 2020;25:3102.
78 Larimer BM, Wehrenberg-Klee E, Dubois F, et al. Granzyme B PET
imaging as a predictive biomarker of immunotherapy response.
Cancer Res 2017;77:2318–27.
79 Larimer BM, Bloch E, Nesti S, et al. The effectiveness of checkpoint
inhibitor combinations and administration timing can be measured
by granzyme B PET imaging. Clin Cancer Res 2019;25:1196–205.
80 Goggi JL, Tan YX, Hartimath SV, et al. Granzyme B PET imaging
of immune checkpoint inhibitor combinations in colon cancer
phenotypes. Mol Imaging Biol 2020;22:1392–402.

