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Although '8F-FDG PET/CT is widely available and is increasingly
being used to monitor response to immunotherapy and simulta-
neously identify immune-related adverse events, there are several
challenges in interpreting the results of this investigation, especially
early in the course of treatment. It also has limited utility in selecting
the optimal type of immunotherapy. As knowledge about immune
contexture increases, new targets that may be amenable to imaging
are being defined. These exciting advances, coupled with increas-
ingly sophisticated methods for generating radiopharmaceuticals,
provide the potential for either replacing or complementing '8F-FDG
PET/CT in the selection and monitoring of immunotherapy. Ap-
proaches include imaging specific characteristics of immune cell in-
filtrates or aspects of the tumor microenvironment that are known to
be associated with suppression of the innate and adaptive immune
response. Following a large body of preclinical work, promising
agents that are entering into early clinical evaluation are discussed.
We suggest a speculative algorithm as to how these might be used in
routine practice, subject to validation in clinical trials.
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There are many steps required to mount an immune response to
cancer (/). These include release of antigens from cancer cells and
their recognition by antigen-presenting cells, particularly dendritic
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cells, followed by priming and activation of T cells, which then
traffic to and infiltrate tumor deposits before recognizing and killing
cancer cells. T-cell-mediated killing of cancer cells is accomplished
by binding T-cell receptors of peptides with class I major histocom-
patibility complexes on the cell membrane of cancer cells, with the
subsequent release of perforin and granzymes by CD8+ cells, or
alternatively, by inducing death receptor—ligand interactions. There
are many ways in which this process can fail, leading to immune
escape and cancer progression. The development of therapeutic
approaches to reinvigorate immune killing of cancer cells is one
of the most exciting developments of modern oncology. Unfortu-
nately, despite its promise, a minority of cancers currently respond
to available immunotherapies, and many patients either fail to re-
spond at all or respond incompletely, with resistance occurring.

Predictors of response to various immunotherapy approaches are
being actively investigated at a pathologic level (2). Those reliant on
tissue sampling suffer from the heterogeneity that may occur between
and within tumor deposits and over time, both spontaneously and
under selective pressure of therapeutic intervention. Some, but not
all, of these phenomena can be imaged using molecular probes, either
directly by demonstrating increased expression or indirectly by lack
of signal or overexpression of factors known to be associated with
immunosuppression. Imaging these targets by PET technology, also
known as immune-PET, may provide information that is an alterna-
tive to, or complements, that already available from the more widely
available technique of '8F-FDG PET/CT, with the common advantage
of whole-body sampling that can be repeated during the course of
treatment. In particular, immune-PET may address some of the rec-
ognized challenges of '8F-FDG PET/CT (3).

IMAGING OF IMMUNE CELLS

Imaging of Effector CD8+ T Cells
The importance of CD8+ tumor-infiltrating lymphocytes
(TILs) to the outcome of many cancers has been recognized
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in numerous studies (4). Several different immune environments
have been described. These include immune-desert, immune-ex-
cluded, and immune-inflamed (2). Mismatch-repair pathways play
an important role in tumor immunogenicity (5). Defects in DNA
mismatch-repair proteins and subsequent microsatellite instability-
high cancer cells lead to the accumulation of tumoral mutation burden
and generation of neoantigens, which stimulate a dense infiltration of
CD8+ TILs and result in a durable antitumor immune response,
particularly to anti-programmed death receptor-1 and its ligand
(PD-1/PD-L1) monoclonal antibodies (6). However, the immune-de-
sert phenotype leads to immune escape due to low tumor immuno-
genicity, impaired dendritic cell maturation, and suboptimal T-cell
activation and is characterized by low CD8+ TILs in the tumor. T-
cell activation and trafficking can be inhibited by cytotoxic T-lym-
phocyte 4 (CTLA-4) expression, which can be therapeutically
abrogated by use of anti-CTLA-4 monoclonal antibodies. Ipili-
mumab is the most widely investigated of this class of agents
and has been used as monotherapy or in combination with other
immune checkpoint inhibitors (ICIs) (7). Accordingly, imaging of
CD8+ T cells would be anticipated to be most useful for identify-
ing failure of the early phases of immune surveillance and may
provide complementary information to '8F-FDG PET/CT in select-
ing patients who may benefit most from immunotherapy regi-
mens, including anti-CTLA-4 agents.

The enhanced metabolic activity in the tumor tissue, depicted by
I8E-FDG uptake, is a composite of multiple factors, including com-
petitive interaction for glycolysis between cancer and immune cells,
limiting the ability of this modality to characterize tumor microenvi-
ronment (TME) composition or its temporal plasticity under immu-
notherapeutic strategies (8). For example, there are reports that, in
lung and bladder cancer, higher 3F-FDG uptake is associated with
higher CD8+ TILs and PD-L1 expression, hence predicting response
to ICIs (9,10). In contrast, a recent paper evaluating the outcomes of
patients with oral squamous cell carcinoma found that low infiltrating
CD8+ TILs and low PD-L1 expression correlated with higher '8F-
FDG uptake and poorer outcome (//), suggesting that immune-desert
tumors might be better identified by CD8+ imaging since there was a
significant overlap in '8F-FDG uptake in this study, limiting the dis-
criminatory value of SUV alone. A first-in-humans trial of a
CD8 minibody imaging agent, 3°Zr-Df-IAB22M2C, has been re-
ported by Pandit-Taskar et al. (/2). This demonstrated tumors both
with and without significant CD8+ T-cell infiltration, potentially
differentiating immune-inflamed or immune-excluded tumors
from tumors that would be classified as immune-desert. A similar
imaging approach has been described in preclinical models using a
PEGylated single-domain antibody fragment, 3°Zr-PEGylated
VHH-X118, with extremely low uptake in normal organs, including
the kidneys (/3). This study highlighted the potential ability of T-
cell imaging in predicting the response to ICIs, as the tumor xeno-
grafts with homogeneous distribution of the CD8+ T-cell PET
signal responded to anti-CTLA-4 agent whereas more heteroge-
neous infiltration of CD8+ T cells correlated with poor responses.
Use of such agents would potentially enable selection of ipilimumab
as either monotherapy or in combination with other ICIs.

In the later phases of the immune response, T cells accumulate
but are unable to kill cancer cells. These tumors are considered to be
either immune-excluded or immune-inflamed. It would be expected
that these patients could be identified either by biopsy with analysis
of the number of CD8+ TILs or by demonstration of CD8+ T cells
within the TME by imaging. Accordingly, imaging of T cells within
tumor deposits might be of value both prognostically and in determining
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the optimal therapeutic strategy. The ability to longitudinally evaluate
treatment-induced dynamic changes in the immune cell composi-
tion and CD8+ TILs in TME has been demonstrated in preclinical
models and remains one of the great advantages of CD8+ TIL
imaging (14).

In this regard, it is important to recognize that, besides im-
munotherapy itself, other therapeutic interventions can modulate the
immune environment. For example, radiotherapy is increasingly
being used for its potential ability to positively impact the TME
toward enhanced immune cell killing, even at remote sites through
so-called abscopal effects (15). Key to this concept is the development
of damage-associated molecular patterns, which include moieties such
as calreticulin, heat-shock proteins, and cell membrane phospholipids.
Damage-associated molecular patterns dictate whether cell death is
immunogenic rather than tolerogenic. Combination therapies with ICIs
and various DNA-damage response—modifying agents are in progress
to investigate these phenomena (/6). In theory, increased presentation
of tumor-associated antigens acts to prime and activate T cells to traffic
to lesions beyond the radiation volume. Demonstration of increased
CD8+ T-cell numbers in remote sites could be helpful to confirm
induction of abscopal effects. By irradiating multiple sites of disease
simultaneously, the spectrum of tumor-associated antigens generated
by radionuclide therapy might exceed that achieved by external-
beam radiotherapy of a limited number of lesions but may also itself
alter the spectrum of immune cell infiltrates. Information from
CD8+ T-cell imaging may thus inform the optimal sequencing of
radionuclide therapy and immunotherapy.

Imaging of T-Cell Function

The presence of CD8+ TILs in a tumor deposit does not, how-
ever, indicate whether these are functional or whether they are
confined to the stromal compartment in the immune-excluded con-
text. T-cell exhaustion is a key feature of immune escape. Accord-
ingly, tracers that reflect their activation might provide further
insight into the immune response. Reinvigoration of exhausted T
cells is one of the mechanisms of both anti-CTLA-4 and anti-PD-1/
PD-L1 monoclonal antibodies (/7). Activation of T cells has been
shown to be associated with altered nucleotide transport and phosphor-
ylation. A fluorinated nucleotide, 2'-deoxy-2’-'8F-fluoro-9-3-p-
arabinofuranosylguanine (8F-Ara-G), is entering clinical evalu-
ation to assess activation of T cells (/8). An alternative approach is
the use of a %8Ga-labeled peptide for PET imaging designed to
target granzyme B, which is a serine-protease released by CD8+
T cells and natural killer cells involved in T-cell mediation of cancer
cell death (19). Either of these agents may help to differentiate
pseudoprogression from hyperprogression as a cause for increased
I8E-FDG-uptake early during ICI therapy (Figs. 1 and 2).

Imaging of Other Immune Cell Populations

Preclinical studies suggest that CD8+ T lymphocytes are not
the only cell types positively associated with response to ICls,
with group 2 innate lymphoid cells also appearing important, at
least in some tumor types, as predictors of response to anti-PD1
agents (20). Therefore, imaging only 1 cell population may not
necessarily be predictive of response.

Although there is a focus on imaging the effector limb of the
immune response to cancer, it must be recognized that immune
suppressive factors are important in allowing a cancer to
develop, persist, and metastasize. Myeloid-derived suppressor
cells, M2 macrophages, and regulatory T cells are important in
this regard. Whether more specific markers on the surface of
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FIGURE 1. New lymph nodes in draining basin of regressing metasta-
sis. (A and B) Metastatic melanoma (A, arrow) after 4 cycles of combi-
nation ipilimumab and nivolumab demonstrated marked regression of
right thigh lesion and complete metabolic response of multiple liver and
adrenal metastases (B, arrow); however, new '8F-FDG-avid lymph
nodes were noted in left inguinal and iliac regions (B, arrowheads). (C)
Biopsy of these lymph nodes showed reactive T cells that resolved on
subsequent scan. Transient appearance of reactive lymph nodes con-
tralateral to responding right thigh lesion was attributed to likely aberrant
nodal drainage to contralateral nodes due to prior ipsilateral inguinal
dissection. Immune-PET targeting CD8+ T cells, such as '8F-Ara-G/
granzyme B, may allow noninvasive characterization of some cases with
suspected pseudoprogression.

these cells may help to identify patients who may not benefit
from current ICIs remains uncertain. FOXP3, which patholog-
ically characterizes regulatory T cells, is expressed in the cell
nucleus and is therefore unsuitable for imaging, and many cell-
surface antigens are shared by several lymphocyte lineages,
limiting their specificity. It is unclear if cells with negative
immunomodulatory effects are present in sufficient density to
allow imaging within the constraints of current PET imaging
technology or whether there are appropriate cell-surface antigens that
are specific enough to allow their detection. This will be a subject of
further research.

Imaging of PD-1/PD-L1 Expression

Upregulation of PD-1/PD-L1 signaling is one of the key factors in
suppressing cell killing in inflamed tumors and therefore a logical target
for imaging cases most likely to respond to single anti-PD-1/PD-L1
agents (2/). Although PD-L1 expression in tumors can be identified by
immunohistochemistry, this has numerous pitfalls (22). Molecular im-
aging with PET/CT offers the possibility of imaging this marker, as
well as other immune markers, noninvasively on a whole-body scale.
Similar to immunohistochemistry, the aim of imaging the PD1/PD-L1
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biomarker is to predict likely responders to ICIs and to provide the
advantage of measuring inter- and intratumor heterogeneity of PD1/
PD-L1 expression longitudinally under ICI treatment across all disease
sites rather than a limited pathologic sampling. As discussed previously,
whereas the predictive ability of '®F-FDG PET/CT in response to anti-
PD-1/PD-L1 agents remains to be determined (9—11), there are consis-
tent reports of its prognostic value by measuring metabolic tumor
volume in patients undergoing treatment with anti-CTLA4 and anti-
PD-1/PD-L1 monoclonal antibodies (23,24). The latter provides addi-
tional support for the rationale of assessing whole-body metabolic
tumor volume on '8F-FDG PET/CT as a prognostic biomarker and
potentially using PD-1/PD-L.1 imaging, particularly in patients with a
high whole-body metabolic tumor volume because patients with a low
whole-body metabolic tumor volume are likely to respond a priori.
Several different anti-PD-1/PD-L1 monoclonal antibodies in
clinical use as therapeutic agents have been labeled with various
radiotracers. Those entering clinical trials have recently been
summarized (25). In a first-in-humans study on patients with non—
small cell lung cancer by Niemeijer et al.—using an anti-PD-L1
adnectin labeled with 8F (18F-BMS-986192) and anti-PD1 monoclo-
nal antibody labeled with 3°Zr (3Zr-nivolumab)—tumor uptake het-
erogeneity was observed both within and between patients (26). A
similar observation of intra- and intertumoral heterogeneity was made
by Bensch et al. using the anti-PD-L.1 monoclonal antibody 89Zr-
atezolizumab, but this time also within various tumor types. Encour-
agingly, however, clinical response to atezolizumab correlated better
with anti PD-L1 PET signal intensity than with immunohistochem-
istry or RNA-sequencing biomarkers (27). Smaller antibody
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FIGURE 2. Hyperprogression vs. pseudoprogression. (A and B) Patient
with metastatic melanoma at baseline (A, arrows) and 2 mo after start of
combination ipilimumab and nivolumab demonstrates marked progres-
sion of liver metastasis (B, arrows). (C) As patient was clinically well,
immunotherapy was continued, and further follow-up at 4 mo showed
marked improvement of liver lesion (arrows). Immune-PET targeting
CD8+ T cells, such as '8F-Ara-G/granzyme B, may allow pseudoprogres-
sion to be distinguished from hyperprogression in challenging cases.
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fragments, including a single-domain agent labeled with ®8Ga
(°8Ga-NOTA-Nb109), may have advantages for diagnostic appli-
cation due to rapid blood clearance and high tumor binding (28).

However, there are certain inherent limitations that have made PD1/
PD-L1 an imperfect predictive biomarker. PD-L1 is also expressed on
various immunosuppressive cells, including myeloid-derived suppres-
sor cells and regulatory T cells (29), limiting the potential positive
predictive value of PD-L1 imaging strategies, whether using small tar-
get-binding proteins such as !8F-adnectins or radiolabeled monoclonal
antibodies, which have been recently compared in human subjects (26).
Furthermore, because the PD-1/PD-L1 axis is but one of many mech-
anisms for immune escape, it is not surprising that some patients fail to
respond to anti-PD1/PD-L1 ICls despite harboring an inflamed TME.
Accordingly, imaging or immunohistochemical confirmation of the
PD-1/PD-L1 axis may not necessarily predict response. How imaging
might be guided by pathologic characterization of immune contexture
(30) and be complementary to other biomarkers remains to be defined.

Imaging of Other Immunologic Targets

The field of immune-PET is rapidly advancing, accelerated by
advances in radiochemistry and biomolecule design (37) and fueled by
greater understanding of cancer immunity. In addition to the CTLA-4
and PD-1/PD-L1, other factors are involved in immune editing that
allow escape of cancers from immune surveillance. These include
immune-suppressive targets such as lymphocyte activation gene 3, T-
cell immunoglobulin mucin receptor 3, and indoleamine-2,3-dioxygenase
1, which may suppress recognition of neoantigens that might other-
wise induce an immune response (32). Indeed, T-cell immunoglobulin
mucin receptor 3 upregulation has been demonstrated in anti-
PD-1-resistant tumors (33). Another example is CD276 (also
known as B7-H3), a member of the B7 costimulatory molecules,
the same family that PD-1/PD-L1 belongs to, and similarly has a
role in the 2-signal T-cell activation. In some cancers, B7-H3
overexpression is associated with more aggressive tumor behavior
potentially by circumventing CD8+ T-cell-mediated immune sur-
veillance (34). Anti-B7-H3 agents combined with anti-PD-1/PD-L.1
ICIs are a promising approach for B7-H3—expressing cancers.
Preclinical attempts to imaging CD276 with humanized anti-B7-
H3 monoclonal antibody (3°Zr-labeled 5573a) have found this agent
to have high specificity, supporting further clinical investigation
(35). The abovementioned targets for imaging may allow pre-
diction of failure to respond to current immunotherapy paradigms,
thereby sparing futile therapy. Alternatively, they may allow pre-
scription of combination therapies targeting these factors.

Imaging the TME for Factors Known to Be Associated
with Immunosuppression

Recognizing that the TME impacts immune function, indirect
information assessable from molecular imaging probes might also
become relevant to predicting outcomes from ICIs, as well as informing
management decisions. For example, hypoxia is recognized to have
immune-suppressive effects (36). Multiple hypoxia tracers have been
evaluated and could be used to design new strategies to modulate the
adverse effects of hypoxia (37). Upregulation of carbonic anhydrase IX
is one of many features of hypoxia and itself has been found to impact
cancer immunity by increasing the number of immunosuppressive reg-
ulatory T cells (38). The ability to image tissue expression of carbonic
anhydrase IX has recently become possible (39) and, besides allowing
carbonic anhydrase IX to become a potential theranostic target, may
identify patients who are less likely to respond to ICIs. Similarly, tumor
desmoplasia, which is related to cancer-associated fibroblasts, is also an
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adverse prognostic factor in many cancers (40) and has recently been
shown to negatively impact immune surveillance through inducing
myeloid-derived suppressor cells (47). Fibroblast-activating protein,
which is elaborated by cancer-associated fibroblasts, has recently
become a tractable imaging target using fibroblast-activating pro-
tein inhibitors (42). Whether high uptake of fibroblast-activating
protein inhibitor might predict failure of ICI therapy remains to
be assessed.

Other PET tracers that have already been used in humans may also
be repurposed for specific interrogation of tumor biology. For
example, proliferative markers such as 3'-18F-fluoro-3'-deoxythymidine
might find a role in differentiating hyperprogression, which would
have a high signal in tumor sites, from pseudoprogression, for
which active proliferation might be expected to be indicated by
T-cell expansion in draining lymph nodes and the spleen (Fig. 3). A
small study on patients being treated for metastatic melanoma has
compared "8F-FDG and 3’-'3F-fluoro-3'-deoxythymidine PET/CT
with an anti-CTLA-4 agent, tremelimumab, demonstrating signifi-
cantly increased splenic uptake after treatment (43).

INTEGRATING NOVEL TRACERS INTO CLINICAL
IMAGING PARADIGMS

In selecting the appropriate therapy, the simplest potential approach
is to label that therapeutic agent to assess expression of the putative
target. Because most current ICIs are intact monoclonal antibodies, the

FIGURE 3. Serial imaging with 3'-'8F-fluoro-3'-deoxythymidine PET/
CT of non-small cell lung cancer before and after chemoradiotherapy.
(A) At baseline, there is low uptake in spleen (arrow), which is primarily a
repository of immune cells, but high uptake in proliferating bone marrow
(bracket), as well as in tumor in right hilum (arrowhead). (B) Early in
treatment, reduction in bone marrow activity is observed (bracket), par-
ticularly within radiation treatment volume, but persistence of low uptake
in spleen (arrow) and higher uptake in tumor (arrowhead). (C) At 3 mo
after radiotherapy, there has been recovery in marrow proliferation be-
yond high-dose radiation field (brackets) but development of increased
uptake in spleen (arrow) and lower uptake in tumor (arrowhead). This
potentially reflects proliferation of immune cells representing immune
response to release of tumor-associated antigens.

No. 11 ¢ November 2020



Metastatic disease planned for ICI

.\‘ Baseline '®F-FDG PET
S / with wbMTV
ol

/1
Biopsy with scoring for T|LS’: ]
8

v v -

No TiLs Low TILs High TILs
Baseline = Baseline =
radiolabeled radiolabeled
anti-CD8 anti-PD1/PD-L1

Anti-PD1/PD-L1

e 0 :nti-CTLA—i.__- Q {:

Anti-CTLA-4" s
4G cx Anti-PD1 | _ -
A |
| >
\ 4
Follow-up

SMD/PMD | £q||ow-up "*F-FDG PET
with wbMTV

radiolabeled anti-CD8
or
F-Ara-G/Granzyme B

F-Ara-G/Granzyme B

ol

Continue ICI

4
0

FIGURE 4. Speculative diagnostic algorithm using PET agents to interrogate immune therapy.
Through combination of baseline 18F-FDG PET/CT and biopsy, prognostic factors for response to
ICls, including whole-body metabolic tumor volume and TILs, could be assessed. For disease
with low or absent TILs on biopsy, imaging with CD8+ agents could provide baseline for assess-
ment of interventions to enhance immune cell infiltration, particularly including anti-CTLA-4 ther-
apy or use of radiotherapy to induce T-cell priming by release of tumor-associated antigens. For
those with high TILs, radiolabeled anti-PD-1/PD-L1 or '8F-adnectin PD-L1 agents could be used
to select patients for ICI monotherapy against these targets. Early (6-8 wk) during given therapy,
18F-FDG PET/CT could be repeated. Conventional '8F-FDG PET/CT response would enable
ongoing treatment, whereas increase in '8F-FDG uptake or development of new lesions could
be further assessed by '8F-Ara-G or granzyme B imaging to detect T-cell activation as manifes-
tation of pseudoprogression. Although not shown in this algorithm, 3'-'8F-fluoro-3'-deoxythymidine
PET/CT may also be helpful for demonstrating enhanced proliferation in tumor in case of hyper-
progression or draining nodes and spleen in case of pseudoprogression. In patients receiving anti-
CTLA-4 monotherapy agents but not responding on '8F-FDG PET/CT, reimaging with CD8+ T-cell
agents to confirm efficacy of T-cell recruitment or empiric addition of anti-PD-1/PD-L1 agents may be
appropriate, whereas for patients already on such treatment, withdrawal of treatment might be
contemplated. Therapeutic agents that target immunosuppressive factors might also be consid-
ered in such cases. CMR = complete metabolic response; PMD = progressive metabolic disease;
PMR = partial metabolic response; SMD = stable metabolic disease; woMTV = whole-body
metabolic tumor volume.

environment, that any one tracer will soon
replace '8F-FDG as a diagnostic or treatment-
monitoring investigation, especially with the
regulatory hurdles that confront new diagnos-
tic tests. Nevertheless, the cost and potential
toxicity of ICIs suggest that more efficient
selection and monitoring of treatment could
both improve patient outcomes and reduce
health-care costs. On the basis of the key man-
agement decisions that confront oncologists
with the current generation of ICIs, and rec-
ognizing that new combination therapies are
emerging and that definitive data on the utility
of these new agents are lacking, we propose a
possible diagnostic algorithm incorporating
both 8F-FDG PET/CT and immune-PET to
aid key management decisions (Fig. 4). This
speculative algorithm assumes that PET is
complementary to other established tissue-
based biomarkers, which might include tech-
niques such as the “Immunoscore,” a patho-
logic scoring system that assesses the type and
density of immune cell infiltrates (45). The
algorithm also suggests that '8F-FDG PET/
CT will remain the primary technique for eval-
uating the extent of disease and monitoring
response to treatment. However, for more so-
phisticated characterization of immune con-
text, specific tracers will be used to select
treatments and to resolve diagnostic dilemmas
that currently require serial imaging follow-up
but that potentially delay cessation of inactive
treatment or recognition of toxicity. We have
selected agents that are already in human tri-
als, but these may well be replaced by any of a
myriad of other agents being tested in preclin-
ical models or being developed as companion
diagnostics for new immunotherapy agents.
Clinical validation of these agents will likely
prove challenging given the rapidly evolving
clinical paradigms and increasing use of com-
bination therapies, but we recommend inte-
grating prospective molecular imaging into
baseline evaluation and at response assess-
ment to increase our understanding of both
the utility of the diagnostic agent and the
mechanisms of resistance to immunotherapy,
since treatment failure is still the norm.

We have not considered the evolving field
of adoptive cell therapies, including chimeric-
antigen T-cell therapies (46). There have

kinetics of blood clearance mandate use of a relatively long-lived
radionuclide. Accordingly, several have been labeled with 3°Zr or Cu
(44). However, these agents require imaging at late time-points, which
is inconvenient for patients, and dosimetry considerations limit the
administered activity, potentially compromising image quality. Accord-
ingly, efforts to develop small-molecule tracers have accelerated. Sig-
nificant promise has been demonstrated for a PD-L1-targeting adnectin
that has been labeled with '8F (26).

How to integrate these new tracers into clinical practice re-
mains unclear. It is unlikely, given the complexity of the immune
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been significant efforts to develop robust methods of tracking
these cells, including the use of reporter genes, which complement
the vast arrays of probes that comprise the immunoimaging toolbox,
as recently reviewed by Mayer and Gambhir (47).

CONCLUSION

The simultaneous strength and weakness of molecular imaging
is the plethora of imaging targets identified through our increasing
understanding of the extremely complex regulators of the immune
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environment and increasingly sophisticated techniques for pro-
ducing tracers directed toward these regulators. In view of the
regulatory hurdles that face approval and reimbursement of novel
radiopharmaceuticals, as well as the costs of comparative studies
to determine which option for imaging the immune environment
will most effectively guide treatment choices, it seems unlikely
that the clinical community will soon have access to the evolving
tools for precision medicine, outside clinical trials. The nuclear
medicine community may therefore need to initially focus on
developing a limited number of agents, guided by the first
principles and promising leads that have already entered clinical
studies. These agents might, for example, be based on patient-care
pathways and the therapeutic options currently available and be
integrated with more conventional imaging paradigms.

Specific imaging of the immune system during immune therapy
may not be necessary if an early and complete metabolic response
is seen on '8F-FDG PET/CT, but early differentiation of pseudo-
progression from hyperprogression may have significant benefits
for further treatment choices. An increase in infiltrating CD8+
cells or evidence of increased granzyme B release may be instruc-
tive in this setting.

Academia needs to partner with industry to develop relevant
companion diagnostic agents that rationalize the use of treatment
with the simultaneous goals of increasing efficacy, reducing
unnecessary toxicity, and minimizing costs both directly from
the therapy and indirectly from managing complications. In this
regard, '8F-FDG PET/CT will remain an important diagnostic tool
in the selection of patients for ICI therapy and monitoring of

TABLE 1

Learning Points and Speculation on Future Directions for Imaging Immune System with '8F-FDG and New Tracers

Point Description

1 Type of ICl may impact rate of pseudoprogression, with lower rate reported in anti-PD-1/PD-L1 than in anti-CTLA-4

2 Rate of pseudoprogression may differ depending on tumor type, with highest rate reported in melanoma, which also has
one of highest response rates

3 Early after commencement of ICls, change in metabolic parameters on '8F-FDG PET/CT may further predict response in
patients with stable morphologic imaging

4 Although pseudoprogression most commonly occurs within 12 wk of starting ICls, about of one third happen beyond
12 wk; therefore, timing of first follow-up scan may be important

Early and marked metabolic response with or without morphologic response commonly indicates durable response

6 18F-FDG PET/CT performed for response monitoring should also be thoroughly interrogated for manifestations of immune-
related adverse events

7 It appears that number and size of new lesions on '8F-FDG PET/CT are important factors in differentiating true progression
from pseudoprogression

8 Whole-body metabolic tumor volume on 8F-FDG PET/CT is promising metabolic parameter at baseline or during
treatment. At baseline, high whole-body metabolic tumor volume is associated with hyperprogressive disease and may
be predictive of adverse overall survival

9 18F-FDG PET/CT may have role in further risk stratification of patients who achieve partial response on morphologic
imaging, hence guiding length of immunotherapy

10 18F-FDG PET/CT may have role in patients with dissociated or mixed response on morphologic imaging, to guide local
treatment to limited sites of progressive disease while continuing immunotherapy

11a Decision to continue immunotherapy beyond progression on either morphologic or '8F-FDG PET/CT criteria should be
made with caution and considered in selected patients who do not experience severe toxicity from these agents and
whose disease-related symptoms have improved or stabilized on treatment

11b If immunotherapy is continued or there is any doubt about imaging findings, to differentiate pseudoprogression from true
progression biopsy or confirmatory scan at short interval (4 wk) may be helpful or, immune-PET targeting activated
CD8+ T cells, such as '8F-Ara-G or 68Ga-granzyme B can be considered; 3'-'8F-fluoro-3'-deoxythymidine PET/CT may
have a role in differentiating pseudoprogression from hyperprogression.

13 Immune-PET targeting CD8+ T cells may distinguish immune-desert from immune-inflamed tumors, whereby allowing
rational selection of ICls or combination ICls

14 18F-Ara-G and ®8Ga-granzyme are promising tracers that can differentiate activated CD8+ T cells from exhausted CD8+
T cells

15 After pharmacologic intervention or radiotherapy, serial immune-PET targeting CD8+ T cells, including 8F-Ara-G or
68Ga-granzyme, may allow monitoring of T-cell trafficking within tumor sites

16 Radiolabeled tracers targeting PD1/PD-L1 can demonstrate inter- and intrapatient heterogeneity of these immune
checkpoints and can potentially be predictive of response to ICls but are subject to inherent limitation of PD1/PD-L1 as
predictive biomarkers
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response but will be, in our opinion, complemented by specific
imaging of components of the immune system (Table 1).
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