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Summary
Immune-checkpoint inhibitors and further immunotherapeutic treatment strate-
gies have significantly extended therapy options for melanoma and other skin
cancer entities over the last decade. In the context of a broader application of
immunotherapeutic approaches, sufficient ways to monitor the course of the
disease during therapy are required. Immunotherapies are based on different
ways of modulating the immune system. This leads to complex clinical response
patterns includingpseudoprogression andothers, requiring an adaptationof con-
ventional diagnostic imaging tools or the introduction of novel technologies. In
this review, current non-invasive imaging approaches for response assessment
during immunotherapies in skin cancers as well as their limitations are discussed.
Toovercomepresenthurdles, promisingalternatives tobetter addressnovel imag-
ing features during immunotherapy are depicted giving an outlook on what can
be expected in the future.

INTRODUCTION

Over the past decades, immunotherapies have advanced
treatment options of various dermatological tumors. First,
adoptive T-cell transfer (ACT) was shown to be effec-
tive in some melanoma patients in the early 1980s,1

already providing an outlook on the immunotherapeutic
revolution initiated by the approval of the anti-CTLA-
4-directed ipilimumab and further immune-checkpoint-
inhibitors with other target structures such as PD-1 and
PD-L1. Beside melanomas, immune-checkpoint inhibition
(ICI) has been successfully applied for other skin cancers
such as squamous cell carcinoma, Merkel cell carcinoma
and lately basal cell carcinoma.2 The field of clinically estab-
lished immunotherapeutic approaches is completed by the
oncolytic virus T-Vec which leads to an indirect stimulation
of an immune response (Figure 1).3

However, the development of suitable diagnostic meth-
ods could not keep up with the rapid progression of
these new therapeutic concepts. Conventional imaging
approved in the context of chemo- and radiotherapy is
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not able to reliably assess therapeutic response in all
cases, much less predict it in advance.4 For this reason,
clinicians are often forced to conduct diagnostic biop-
sies. Hereby especially fine-needle aspiration (FNA) biopsy
is often a reasonable approach.5 Biopsies can give pre-
cise insights into the composition of the tumor with its
stromal reaction, tumor microenvironment as well as a
possible immune infiltrate. Furthermore, the tissue can
be analyzed for genetic and epigenetic alterations which
may have therapeutic implications or indicate therapy
response.6 While in the beginning surgical resections are
also conducted for therapeutic reasons, in the course of
a disease the diagnostic value goes beyond its thera-
peutic one. Respectively, less invasive methods would be
desirable, particularly in view of the fact that results from
one biopsy may not provide a holistic picture of het-
erogeneous tumor metastases. In this review, we depict
current non-invasive imaging approaches for response
assessmentof immunotherapies in skin cancer, discuss their
current limitations and give an outlook on potential future
technologies.
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F IGURE 1 Overview on immunotherapeutic
options for melanoma and other non-melanoma
skin cancer (NMSC) entities. *FDA-approval in
combination with nivolumab since March 2022.

F IGURE 2 Modalities of non-invasive tumor
staging in dermato-oncology with their relevant
characteristics. They include
photodocumentation, optical imaging,
radiologic imaging such as sonography, CT and
MRI as well as radiotracer-based imaging. The
methods differ concerning their spatial depiction
(purple), their suitable target structures (green)
and their underlying methological concept
(morphology- and functionality-based
approaches) explaining their respective
advantages and disadvantages.

THE ONCOLYTIC VIRUS T-VEC

To date, Talimogene laherparepvec (T-Vec) is the only
approved oncolytic virus for the treatment of locally unre-
sectable melanoma (without distant disease). Human
herpes simplex virus is genetically modified to preferen-
tially replicate in tumor cells and induce apoptosis.3 Tumor
cell death causes the release of tumor antigens triggering
and stimulating immune cell recruitment leading to further
tumor cell lysis.3 T-Vec is injected locally at the melanoma
tumor site or into skin and lymph-node metastases and is
able to induce a high rate of durable complete responses.7

Because of the good visibility on the skin surface, response
evaluation by photo documentation and ultrasound is fea-
sible (Figure 2).7 Additionally, optical imaging approaches
including optoacoustic imaging may contribute to a more
detailed evaluation of treatment response.8 However, in
optoacoustic imaging in particular differentiation between
melanophages andmelanoma cells post-treatmentmay be
difficult to assess potentially leading tomisinterpretations.9

Moreover, for deeper lesions conventional radiologic imag-
ing such as computed tomography (CT) is needed. For
functional information it should be combined with an
additional radiotracer-based imaging method such as
positron emission tomography (PET) as discussed below
(Figure 2).

RESPONSE PATTERNS IN ICI

ACT and ICI both cause tumor cell destruction through
T-cell-mediated immune responses. While ACT is mainly
used in studies for late-stage melanoma patients, ICI is rec-
ommended for patients with malignant melanoma TNM-
classified as N1a or distant disease. Immune-checkpoint
inhibition is also approved in late-stage squamous cell car-
cinoma, Merkel-cell carcinoma and basal cell carcinoma.2

Response patterns are best characterized for ICI-treated
melanomas because of longer clinical experience.
Treatment response my vary significantly reaching from

durable to no response at all.10 While response to con-
ventional therapies like chemo- or radiotherapy is mainly
classified as no (progressive disease), partial or complete
response, practitioners observe durable responses, pseu-
doprogression, hyperprogression, and mixed responses as
common response patterns with ICI.11

Pseudoprogression describes an initial increase in the
detected tumor volume related to an enhanced immune
infiltrate followed by tumor shrinkage over time.12 Some
patients even experience delayed pseudoprogression
which is defined as an increase in tumor burden of at least
25% first detected at least twelve weeks after therapy
initiation and not confirmed in the following imaging.13 In
total, the phenomenon of pseudoprogression is assumed



CURRENT AND FUTURE IMAGING IN DERMATO-IMMUNO-ONCOLOGY 109

to occur in about 10% of ICI-treated melanomas which is a
small, but relevant number.14

Hyperprogression is a phenomenon more often
observed in elderly patients receiving ICI, which leads
to the development of rapid tumor progression upon the
application of immune-checkpoint inhibitors.15

In somecases, responsemayvary for differentmetastases
typically referred to as mixed response.16 In a retrospective
study including 292 patients with metastatic melanoma
mixed responses were followed by response in 56% of
cases.16

MORPHOLOGY-BASED IMAGING

To reliably evaluate therapy response in oncology, differ-
ent methods are usually combined (Figure 2). Sonography
is a simple tool to quickly estimate the dignity of a sus-
pect lesion, by assessing its morphology and perfusion.
It is a point-of-care method, easy and cost-effective. Fur-
thermore, it can be employed for FNA which can increase
diagnostic accuracy using e. g. cytomorphological as well
as molecular tools.5 However, clinical experience is needed
which may influence the reliability of results. Computed
tomography is the standarddiagnostic tool,whilemagnetic
resonance imaging (MRI) is preferentially used to visualize
the brain, head and soft tissues. Independent of the under-
lying physical principle, morphological criteria are used to
determine the dignity of suspect lesions. Therapy response
is then categorized by the change in tumor size and shape
on consecutive scans.
The Response Evaluation Criteria in Solid Tumors (RECIST)

serve as instructions to evaluate therapeutic response after
conventional oncologic therapies.17 Here, progression is
defined by an increase in size or number of malignant
lesions. However, since immune-based therapies do not
lead to direct tumor damage, but induce an immune
response causing indirect effects on the morphology of
cancerous lesions, this method is less suitable to evalu-
ate response to ICI. An enhanced immune infiltrate can at
first lead to an increase in lesions-size before the actual
antitumoral effects become evident. This may lead to the
assumption of disease progression which may trigger false
therapeutic decisions.13,14 Therefore, the tumor volume is
no longer a reliable parameter to assess therapy response.
This led to the development of „immune RECIST”(iRECIST).4

Here, a single increase in size of a known tumor lesion does
no longer define tumor progression.4 Instead, it has to be
confirmed by an additional examination.
In a meta-analysis conducted by Park and colleagues

superiority of iRECIST in comparison to RECIST 1.1 was
proven concerning progression-free survival.18 For overall
response and disease control rate, however, no substan-
tial differences were detected.18 Even though here mostly
patients with non-small cell lung cancer were examined
and only one of the eleven studies explicitly included
melanoma, it may be assumed that the results are trans-

ferable to other cancer entities. The results of Park and
colleagues are in line with findings from a pooled FDA anal-
ysis stressing the benefit of iRECIST especially in the small
subgroup of patients with pseudoprogression.19 However,
prospective studies about iRECIST in general and especially
studies focusing on melanoma and other skin cancers are
currently lacking.
In the context of melanoma treatment with ipilimumab,

alternative response criteria have been introduced based
on the WHO criteria.20 In contrast to (i)RECIST where each
lesion is evaluated independently, these immune-related
response criteria (irRC) assess all lesions in sum.20 When the
criteria were applied on patients with advancedmelanoma
treated with a PD-1 antibody, a comparison of RECIST v1.1
and irRC showed an underestimation of response in around
15% by RECIST v1.1.13

FUNCTIONALITY-BASED IMAGING: FDG-PET
IMAGING

Computed tomography, MRI and sonography are
morphology-based imaging strategies. However, espe-
cially in the context of immunotherapies the composition
and distribution of the immune infiltrate in the tumor have
great impact on therapy response.21 Like that, the distribu-
tion of T cells in the tumor and its periphery determines the
therapeutic outcome.22 Functional imaging e. g. with PET
combines the advantages of functional characterization
and spatial information. Promising PET-based methods
for immunotherapeutic response assessment include the
clinically applied Fluor-18-Deoxyglucose (18FDG)-PET, but
also novel technologies such as immuno-PET and reporter
gene-based imaging.

18FDG-PET visualizes metabolic activity as a correlate
of glucose uptake. Because of this favorable character-
istic, it is far more sensitive in the detection of metas-
tases in generally, but especially in the context of bone
metastases, compared to CT scans only (Figures 3, 4). Dur-
ing immunotherapeutic treatment, the criteria from the
European Organization for Research and Treatment of Can-
cer (EORTC),23 or the PET Response Evaluation Criteria in
Solid Tumors (PERCIST),24 can be applied to assess ther-
apy response (Figures 3, 4). However,18FDG-PET identifying
highly metabolically active regions reaches its limits since
not only the tumor but also the immune infiltrate shows
high glucose uptake.25 Like that, especially the identifica-
tion of immune-related phenomena such as pseudopro-
gression poses a challenge.13

Aiming to reliably identify clinical benefit from ICI also
in patients with unclear response, Cho and colleagues pro-
posed to use a two-step analysis of PET/CT scans 3–4
weeks after the beginning of treatment to best categorize
response three months later.25 RECIST 1.1 criteria should
be applied to distinguish complete or partial response
from stable and progressive disease.25 For the subgroup of
patientswith stable disease PERCIST criteria should be used
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F IGURE 3 18FDG-PET/CT scans and single CT
scans of a 31-year-old patient with metastatic
melanoma before and after treatment with two
immune-checkpoint inhibitors (ipilimumab and
nivolumab). 18FDG-PET/CT is able to detect a
CT-occult bone metastasis before therapy start
(yellow circle). Corresponding areas on the other
scans are marked with red circles. Besides, an
intensified 18FDG uptake was detected in a
subcutaneous metastasis as well as satellite
metastases (yellow arrow). Compared to CT
alone, 18FDG-PET/CT scans facilitate response
evaluation. During the course of the
immunotherapy the 18FDG-avide metastases
were no longer detectable indicating excellent
response.

F IGURE 4 18FDG-PET/CT scans, single CT scans and 18FDG-PET overview of a 38-year-old patient with metastatic melanoma. Multiple osseous
metastases are visible on 18FDG-PET, but not on CT scans (upper row) before treatment. Furthermore, metastases in the spleen could be detected (red
arrow). After treatment with immune-checkpoint inhibitors, follow-up scans (lower row) confirm a complete remission with sclerotic changes in the place
of former osseous metastases (yellow arrows).

to differentiate patients with and without a clinical bene-
fit by a threshold in change of tracer uptake.25 However,
others showed that the number of newly occurred 18FDG-
avid lesions on PET/CT scans after four cycles of anti-CTLA-4
inhibitor treatment in patients with metastatic melanoma
seems to be a more sensitive predictor for clinical ben-

efit than the comparison of the lesional tracer uptake.26

Anwar and colleagues therefore propose a cut-off of four
newly detected lesions on posttreatment PET/CT scans
indicating treatment failure.26 Interestingly, the larger the
lesions are, the lower number of new lesions is required.26

Based on these findings, PET Response Evaluation Criteria
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F IGURE 5 Overview on alternative functionality-based PET technologies for T-cell based immunotherapies. Promising concepts include (1) other
metabolic tracers apart from 18FDG such as Fluor-18-arabinofuranosylguanin (18F-AraG) which preferentially accumulates in activated CD8+ T cells (left),
(2) immuno-PET using highly antigen-specific antibodies or their constructs to target either surface markers or secreted molecules (middle) and (3)
reporter-gene imaging which may be applied when genetically modified cells are transferred for therapy (right). Possible targets in the context of
T-cell-based immunotherapies are shown in the lower row.

for Immunotherapy (PERCIMT) were introduced providing
a better estimation of the progression-free survival when
compared to the EORTC criteria.27

Furthermore, there is evidence that 18FDG-PET is capable
of detecting immunotherapeutic responses in melanoma
patients at an early time point as soon as two weeks
after therapy start.27,28 However, the clinical practicability
is doubtful, not to mention the radiation exposure when
taking into consideration that late responders cannot be
identified in this case.
All these efforts are based on the idea that an early

identification of immunotherapeutic treatment responses
can help prevent unnecessary treatments of patients not
benefiting from the therapy. At the same time, patients
potentially benefiting from therapy at later time points
should not be missed.
This approach includes the assumption that an early dis-

continuation can impede immune-related adverse effects
what might not always be the case. For this reason,
response prediction from imaging even prior to treatment
is highly desirable. On retrospectively analyzed 18FDG-
PET scans from patients with metastatic melanoma later
responders showed higher tracer uptake in the bones,
with a predominance in the axial bones, compared to
non-responders.29 Besides, a meta-analysis showed that
measurable PET/CT values in tumors before treatment such
as peak standardized uptake value, metabolic tumor vol-
ume or total lesion glycolysis rate may indicate response to

immunotherapy.30 However, no general surrogate parame-
ter could be identified so far,30 whatmay require alternative
methods.

ALTERNATIVE FUNCTIONALITY-BASED PET
APPROACHES

To overcome the issue of differentiating bothmetabolically
active cell compartments, tumor and immune cells, more
suitable imagingmodalities and alternative substrates with
higher specificity in the immunotherapeutic context should
be identified. There is a bunch of alternative functionality-
based PET approaches for T-cell based immunotherapies
based on different concepts and possible target structures
(Figure 5).

Fluor-18-arabinofuranosylguanin (18F-AraG), for
example, preferentially accumulates in activated CD8+

T cells.31 18F-AraG seems to be especially suitable since
the presence of CD8+ T cells in the tumor and at its rim
is an approved biomarker for immune checkpoint block-
ade induced therapy response.22,32 To our knowledge,
18F-AraG imaging in an immunotherapeutic setting with
an anti-PD-1 directed therapy has only been conducted
in a rhabdomyosarcoma mouse model so far.31 Even
though data are preclinical and have not been tested in
melanoma patients, investigations are promising showing
that particularly the signal detected in the tumor-draining
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lymph nodes may be a predictive parameter for therapy
response.31

Apart from metabolic tracers such as 18FDG and 18F-
AraG, CD8+ T cells as surrogate markers may be visualized
by novel imaging methods such as immuno-PET (Figure 5).
For immuno-PET, antibodiesor antibody-derivedmolecules
are labelled with respective radionuclides. Thereby, the
high target specificity of an antibody is combined with
the advantages of PET imaging.33 In fact, there are pre-
clinical reports about the visualization of CD8+ T cells in
immunotherapeutic settings.34 Rashidian and colleagues
could show that immuno-PET of CD8+ T cells in a mouse
model is able to predict therapeutic response by ana-
lyzing the signal distribution,34 as expected from clinical
experience.22 Lately, the safe and successful application
of an anti-CD8 directed minibody in a phase 1 study has
been reported.35 The study also included patients suffering
from advanced melanoma treated with immunotherapy
and showed for some patients an increase of tracer uptake
in tumors after therapy correlating with response.35

Besides tumor infiltratingCD8+ T cells, the tumoralmuta-
tional load and the expressionof PD-L1 are further biomark-
ers indicating response to immunotherapy in general,32

even though low expression of PD-L1 in melanoma does
not exclude therapy response.36 In the context of skin
cancer, PD-L1 expression has been visualized by immuno-
PET in a melanoma mouse model.37 Besides, anti-PD-L1
immuno-PET reagents have even been tested in clinical
studies including stage IV melanoma patients.38 Hereby,
the investigators observed a correlation between high
lesional baseline uptake of their tracer corrected for the
bloodpool uptake and the immunotherapeutic response.38

Alternative image-based approaches focus on other
immune-checkpoint-related surface molecules or target-
independent T-cell markers either only expressed on cer-
tain subpopulations such as CD4 or generally on T cells
expressed such as CD3, CD2, CD7 or the T-cell receptor
(TCR).
Immune-checkpoint-related target structures may

include CTLA-4, PD-1 and LAG-3.39,40 They harbor ther-
anostic potential because they cannot only be applied
in a diagnostic setting but also for therapy. Simultane-
ously, such approaches may help to better understand the
pharmacokinetics of clinically administered immunother-
apeutic drugs as exemplarily shown in a humanized
melanoma mouse model.39 However, respective antibody-
based agents are so far only tested preclinically. Apart
from immune-checkpoint molecules, CD4 may be a rea-
sonable target to visualize responses in the context of
immunotherapies,41 even though it has not yet been inves-
tigated in an immunotherapeutic setting as far as we know.
Further T-cell-related targets to identify tumor infiltrat-

ing T cellsmay includepermanently expressedT cell surface
molecules such as CD3 or the TCR.42,43 A radiolabeled anti
CD3directed antibodywas able todetect T cells in a preclin-
icalmodel of colon cancer treatedwith anti-CTLA-4 therapy

showing potential to predict tumor growth in advance.42

Its internalization enabling intracellular tracer accumula-
tion makes the TCR a favorable target for immuno-PET
imaging.43 At the same time, however, it should be taken
into account that the TCR is highly relevant for antigen
recognition which could be disturbed by the application of
tracers. Like that, it has been reported that a F(ab’)2 frag-
ment directed against CD2 which is also involved in T-cell
activation led to a strong impairment of T-cell functionality
in a murine model of adoptive T-cell transfer.44

Another indirect way of detecting activated T cells as
surrogate markers for immunotherapeutic response is by
secreted molecules such as granzyme B, IFNγ or IL-2.
Granzyme B is released by activated CD8+ T cells and its
upregulation can indicate response to ICI.45 These favor-
able characteristics justify testing its potential as predictive
immuno-PET based biomarker.46 Similarly, the detection
of IFNγ in the tumor microenvironment may indicate later
response as shown in an in vivo tumor model of therapeu-
tic Her2/neu vaccination.47 Even though these approaches
have not been tested in skin cancer models so far, their
applicability in other tumor entities can be assumed.
Markovic and colleagues have successfully conducted
99mTc-IL2 Single Photon Emission Computed Tomogra-
phy (SPECT)/CT imaging in three patients with metastatic
melanoma receiving immune-checkpoint inhibitor therapy
without severe side-effects.48 However, feasibility to assess
therapy response and especially prediction remain to be
tested in detail in larger patient cohorts. This is especially
relevant since it is known that at least some 10,000 cells
are required for sufficient detection by immuno-PET.49 In
this case, other diagnostic tools such as FNA biopsy remain
valuable alternatives facilitating therapeutic decisions.
At least in the context of adoptive cell transfer, reporter-

gene imaging seems a reasonable way to detect and mon-
itor infused cells apart from metabolic tracers or immuno-
PET (Figure 5). Reporter-gene imaging is based on a genetic
modulation of therapeutic cells encoding a marker protein
which can then be visualized by different methods includ-
ing PET and SPECT, but also optical imaging modalities.50

In this case, TCR or chimeric antigen receptor modulated
T cells can be tracked.51 Since adoptive T-cell transfer is no
broadly applied therapy option for skin cancer, reporter-
gene-based imaging has only been used on a preclinical
basis in this context. Further developments in this field will
show if there is a need for respective reporter-gene-based
diagnostic tools.

CONCLUSIONS

Immunotherapies have revolutionized therapeutic options
in oncology including a variety of frequent skin cancers
such as melanoma, basal cell carcinoma and cutaneous
squamous cell cancer. Simultaneously, clinicians observed
highly patient-specific response patterns resulting from
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individual tumor micro-environmental settings requiring
new diagnostic ways to precisely determine response to
treatment.
For this reason, conventional image-assessment

approaches were refined including iRECIST for CT or
PERCIST and PERCIMT for 18FDG-PET. Since none of the
established non-invasive diagnostic tools is capable of
sufficient response prediction, the combination of different
imaging tools with photo documentation, optical imaging
and in rare cases even diagnostic biopsies are feasible ways
to evaluate therapy response to immunotherapies. Nev-
ertheless, novel imaging modalities such as immuno-PET
or reporter-gene based imaging may give more detailed
insights into the tumor microenvironment allowing better
therapy assessment or even responseprediction facilitating
the clinical use of immunotherapeutic applications.
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