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Abstract

Immune checkpoint blockade (ICB) represents a promising approach in cancer
therapy. Owing to the peculiar biologic mechanisms of anticancer activity, check-
point blockers are accompanied with distinctive response patterns and toxicity pro-
files. Medical imaging is the cornerstone for response assessment to immunotherapy
and plays a critical role in monitoring of immune-related adverse events (irAEs).
Imaging-based biomarkers have shown tremendous potential for the prediction of
therapeutic efficacies and clinical outcomes in patients treated with checkpoint in-
hibitors. In this article, the landscape of current response assessment systems for
immunotherapy was reviewed with a special focus on the latest advances in the as-
sessment of responses to ICB. Emerging imaging biomarkers were discussed along
with the challenges regarding their clinical transformation. In addition, the biological

mechanisms and clinical applications of ICB and irAEs were also within the scope

of this review.
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1 | INTRODUCTION

In recent years, tremendous progresses have been achieved
in cancer immunotherapy since the introduction of im-
mune checkpoint blockade (ICB) to oncological practice.l'3
Immune checkpoint blockade represents a range of anti-
checkpoint monoclonal antibodies that could yield remark-
able and durable anticancer responses (eg, overall survival
[OS] >3 years).“'7 Nevertheless, the response rate of ICB var-
ies across diverse tumor types. In patients treated with anti-
CTLA-4 monotherapy, the objective response rate (ORR)
varied from 19% to 32% for melanoma.®® In patients receiv-
ing anti-PD-1 monotherapy, the reported ORR of melanoma,
non-small cell lung cancer (NSCLC), renal cell carcinoma
(RCC) and squamous cell carcinoma of the head and neck
(SCCHN) was 45%, 39%, 25%, and 15%, respectively.®!%-12

biomarker, cancer, imaging, immune checkpoint blockade, response assessment

In addition, immune-mediated complications have been
observed during ICB therapy.13 In this scenario, accurate
assessment of therapeutic efficacies and identification of
robust biomarkers for potential responders are of clinical
significance in optimizing patient management and guiding
the decision-making process in routine practice.

Medical imaging is the cornerstone for capturing tumor re-
sponse or progression in immunotherapy. Currently, conven-
tional computed tomography (CT) and magnetic resonance
(MR) imaging are widely employed for the measurement of
tumor burden by directly revealing morphological changes
in target lesions.'* Furthermore, several emerging imaging
modalities, including metabolic imaging, functional MR
imaging, radiomics and molecular imaging, can provide
important information regarding tumor biological behav-
iors and peritumoral microenvironment. !’ Accordingly,
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imaging-based biomarkers have shown tremendous potential
to predict clinical responses and prognosis of cancer patients
receiving ICB therapy.

In this article, we provided a landscape of current im-
mune-related response assessment systems, with a special
focus on the latest advances and challenges in the assessment
of responses to ICB therapy. We also discussed a wide range
of emerging imaging biomarkers particularly for anti-check-
point therapy along with the challenges encountered in their
clinical transformation. In addition, the biological mecha-
nisms and clinical indications of checkpoint inhibitors and
immune-related adverse events (irAEs) were also described
in this review.

2 | IMMUNE CHECKPOINT
BLOCKADE: A NEW “ACTIVATOR”
IN CANCER IMMUNOTHERAPY

In the endogenous antitumor activities of immune system,
T lymphocytes are the major effectors responsible for anti-
gen recognition and initiation of antineoplastic activities."
Immune checkpoints, a group of paired receptor-ligand mol-
ecules, are capable of putting the brakes on CD8+ T lympho-
cytes to avert self-tolerance and tissue damages in cases of
pathogenic infection.! Tumor cells could also dysregulate the
activity of T cells and generate tumor immune resistance by

TABLE 1
Category of ICIs Brand name
Monotherapy
CTLA-4 blockade
Ipilimumab YERVOY
PD-1 blockade
Nivolumab OPDIVO
Pembrolizumab KEYTRUDA
PD-L1 blockade
Atezolizumab TECENTRIQ
Durvalumab IMFINZI
Avelumab BAVENCIO
Combined therapy

Ipilimumab + Nivolumab YERVOY + OPDIVO

Note: The most recent update was on 18 April 2019.

activating certain immune checkpoint pathways."* Immune
checkpoint inhibitors are monoclonal antibodies that could
refresh the inactive T cells and unleash durable antitumoral
responses by blocking various immune checkpoints, such as
cytotoxic T cell lymphocyte-associated protein 4 (CTLA-4),
and programmed death receptor 1 (PD-1) and its ligand,
known as programmed death receptor ligand 1 (PD-L1).*
Currently, six monoclonal antibodies targeting checkpoints
have been approved by the United States Food and Drug
Administration (FDA).'® The approved indications for these
novel agents are described in Table 1.

3 | THE ROLE OF MEDICAL
IMAGING IN IMMUNOTHERAPY:
RESPONSE ASSESSMENT AND
TOXICITY SURVEILLANCE

In routine oncological practice, conventional imaging studies
including CT, MR imaging, and positron emission tomog-
raphy/computed tomography (PET/CT) play crucial parts
in assessing immunotherapeutic effects and monitoring im-
mune-related toxicities. This section will review (a) the atyp-
ical response patterns observed in immunotherapy; (b) the
landscape of current immune-related response assessment
systems; (c) the latest observations and challenges in the
radiological assessment of immunotherapy; (d) the imaging

The United States FDA approved immune checkpoint inhibitors and their indications in routine practice

Approved indications

Melanoma

Melanoma, NSCLC, SCLC, SCCHN, HCC, RCC, UCC,
MSI-H, and dMMR CRC, classic Hodgkin's lymphoma

Melanoma, NSCLC, SCCHN, cervical cancer, gastric
cancer, HCC, MCC, UCC, MSI-H, or dAMMR solid
tumors, MSI-H or dMMR CRC, classic Hodgkin's lym-
phoma, primary mediastinal large B-cell lymphoma

UCC, NSCLC, ES-SCLC, triple-negative breast cancer
UCC, NSCLC

MCC, UCC

Melanoma, RCC, MSI-H or dMMR mCRC

Abbreviations: CRC, colorectal cancer; CTLA-4, cytotoxic T-lymphocyte antigen 4; dMMR, mismatch repair deficient; ES-SCLC, extensive-stage small cell lung

cancer; FDA, Food and Drug Administration; HCC, hepatocellular carcinoma; MCC, merkel cell carcinoma; mCRC, metastatic colorectal cancer; MSI-H, microsat-
ellite instability-high; NSCLC, non-small cell lung cancer; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand 1; RCC, renal cell
carcinoma; SCCHN, squamous cell carcinoma of the head and neck; SCLC, small cell lung cancer; UCC, urothelial carcinoma.
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patterns of common irAEs; and (f) the application of medical
imaging across diverse tumor types.

3.1 | Atypical response patterns in
immunotherapy

Owing to the peculiar biologic mechanisms, immune check-
point blockades are accompanied with atypical response
patterns, such as pseudoprogression, mixed response (or dis-
sociated response) and, more recently reported, hyperpro-
gressive disease (HPD).19’20

3.1.1 | Pseudoprogression

Pseudoprogression is described as an evidence of radiolog-
ical progression, including tumor enlargement and/or the
appearance of new lesions, followed by response or stabili-
zation on follow-up imaging (Figure 1)."8% The incidence
of pseudoprogression is relatively low (~10% in melanoma;
~5% in NSCLC),6’21'24 which indicates that a considerable
portion of the suspected pseudoprogressors might have
true progressive diseases (PDs).?* However, patients expe-
riencing pseudoprogression can achieve sustained clinical
benefit and have favorable prognosis compared with true
plrogressors.21 To reduce inappropriate withdrawal of treat-
ment, longitudinal imaging scans for monitoring of tumor
burden dynamics are warranted to capture this unique re-
sponse pattern. The phenomenon of psuedoprogression
probably results from the ongoing tumor growth before the

A Baseline

6-12 weeks

Start ICB therapy

FIGURE 1

B Timepoint 1
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achievement of adequate immune response, the cytotoxic
T Iymphocytes (CTLs) recruitments and inflammatory re-
sponses in tumor milieu.*?’

3.1.2 | Dissociated response

Dissociated response, namely, mixed response, refers to
concomitant shrinkage of some lesions and flare-up of
others, indicating disparate responses across different or-
gans (Figure 2).2%% In a recent study of 160 NSCLC pa-
tients treated with anti-PD-1/PD-L1 therapy, dissociated
responses were observed in 12 patients (7.5%); of whom
six (50%) patients obtained clinical benefit, whereas the
remaining patients presented with tumor progression.29 In
another study of 166 NSCLC patients receiving anti-PD-1
therapy, one patient demonstrated mixed response with a
dramatic decline in primary tumor burden but a substantial
enlargement of right supraclavicular lymph node, and the
latter turned out to be a metastasis.”> On the basis of these
observations, the prognosis of patients with dissociated
response is indeterminable. Comprehensive evaluations
integrating whole-body tumor burden imaging and patient
clinical status are warranted to better appraise the patient's
clinical responses. Of note, dissociated response is an atyp-
ical response pattern but not exclusively restricted to im-
munotherapy. It is unclear that what are the links or key
factors for triggering this atypical pattern during immuno-
therapy. The mechanisms of dissociated response remain to
be illuminated in the future.

C  Timepoint 2

4-12 weeks

* tumor cell

i:k disappearing tumor cell
@ immune cell

Continue ICB therapy

inflammatory cell

Schematics of pseudoprogression. For capturing of pseudoprogression, one imaging study before immune checkpoint blockade

(ICB) therapy (A) and at least two imaging scans after treatment (B, C) are required. Pseudoprogression is shown as the enlargement of preexisting

lesions (i) and/or the appearance of new lesions, (ii) followed by a decrease in tumor burden, which can be manifested as the disappearance of

index lesions, (iii) shrinkage, (iv) or durable stable disease, (v) time intervals vary relying on the tumor types, agents and treatment strategies. In

most cases, baseline to timepoint 1 is 6-12 wk, and timepoint 1 to timepoint 2 is 4-12 wk
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FIGURE 2 Schematic diagrams of dissociated response. For radiological evaluation, one imaging study before immune checkpoint blockade
(ICB) therapy (A) and at least one imaging scan after treatment (B) are required. Dissociated response describes disparate responses across different
organs at the same time. As is shown in the graphs, an obvious shrinkage can be observed in site 1 (A, B), whereas an increase in tumor burden is

presented in site 2 (A, B) after ICB therapy. However, through the whole-body tumor burden imaging assessment, we can observe that the whole-

body tumor burden after ICB therapy (B) is increased compared with that before treatment (A), which may indicate poor clinical outcomes

3.1.3 | Hyperprogressive disease

Hyperprogressive disease refers to a remarkably acceler-
ated tumor growth rate (TGR) that leads to poor prognosis
in patients under ICB therapy particularly anti-PD-1/PD-L1
21gents.24’25’30'32 Currently, no consensus has been reached on
the definition of HPD.** For instance, Champiat et al first
reported HPD as a RECIST 1.1 progression before ICB ther-
apy and a twofold or greater increase in TGR during immu-
notherapy,30 whereas Ferrar et al defined HPD as a disease
progression at the first evaluation with at least an increase of
50% ATGR (the variation of TGR before and on treatment)
(Figure 3).* The incidence of HPD was reported to range
from 7% to 29% across different types of carcinoma.>*>>30-32

TGR Start ICB therapy

>2 weeks **:*:*1**
Ll
- * Ok
B Baseline
Lt
LA

A Before baseline

2~6 weeks

However, the discordance in the definition of HPD across
published literatures challenges the direct comparison of
data.

An increasing number of studies focused on this new
atypical pattern in ICB therapy, several indicators had been
reported to be correlated with HPD. Champiat et al found that
hyperprogression was associated with older age (>65 years
old) and worse OS in a cohort with 131 patients with var-
ious tumor types treated with monotherapy by anti-PD-1/
PD-L1 antibodies.* Notably, they found that HPD was not
related with tumor burden at baseline or tumor type. More
recently, Kanjanapan et al analyzed data from 182 patients
with mixed solid tumors receiving single-agent or combina-
tion immunotherapy adopting the same methodology used by

C On ICB therapy

e wmor cel

>

>

FIGURE 3 A graphical representation of hyperprogressive disease. For radiological assessment, at least two computed tomography (CT)

scans before immune checkpoint blockade (ICB) therapy—baseline (B) and the most recent scan before baseline (A) and one CT scan during

treatment (C) are required. Hyperprogressive disease is defined as progressive disease per RECIST 1.1 at the first CT scan and ATGR exceeding

50%. Time interval between CT scans should not be less than 2 wks, and baseline CT scan must be conducted within 6 wk before ICB therapy

initiation. This graph was modified from reference >*. RECIST, response evaluation criteria in solid tumors
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Champiat et al.** Intriguingly, they found that HPD was not
associated with age but sex—a higher incidence of HPD was
observed in females compared with males, whereas age, clin-
ically significant adverse events, tumor type, and the type of
immunotherapy did not show significant differences between
hyperprogressors and non-hyperprogressors. Another multi-
center study including 406 NSCLC patients by Ferrar et al,
the largest research investigating HPD to date, revealed that
HPD was associated with poor prognosis and higher meta-
static burden before treatment (>2 metastatic sites).24 Other
factors have also been reported to be correlated with HPD,
including locoregional recurrence, liver metastases, ECOG
performance status (PS) of 1 or 2, a larger sum of diameters
of target lesions at baseline, and elevation in absolute neu-
trophil count (ANC) and C-reactive protein (CRP) levels in
the first 4 weeks.”>>! However, further efforts are required to
validate these findings and figure out the underlying mecha-
nisms of HPD.

In summary, the phenomena of these atypical responses
under ICB therapy appears to be restricted to a small fraction
of patients. Pseudoprogression is associated with delayed and
durable clinical benefits, prognosis of dissociated response is
inconclusive, whereas hyperprogression is related to dismal
clinical outcomes. These atypical response patterns compli-
cate the patient management in routine practice. Medical im-
aging plays a crucial part in longitudinal monitoring of tumor
burden changes in immunotherapy. Future studies are war-
ranted to explore the predictive biomarkers for these atypical
responses, which could be beneficial to patient stratification
and precise therapeutic decision-making.

3.2 | Thelandscape of immune-related
response assessment systems

Historically, World Health Organization (WHO) criteria and
Response Evaluation Criteria in Solid Tumors (RECIST)
have provided standardized guidelines in the response assess-
ment of chemotherapy. However, neither criteria are able to
capture pseudoprogression in immunotherapy. To provide an
accurate classification of tumor responses, several immune-
related standard systems were proposed successively, includ-
ing immune-related response criteria (irRC), immune-related
RECIST (@GrRECIST), and immune RECIST (GRECIST)
(Table 2).

321 |

Immune-related response criteria were the first immune-
adapted criteria proposed in 2009, which were modified on
the basis of WHO criteria.”® The major innovations of irRC
included: (a) new measurable lesions were incorporated
into the total tumor burden (TTB) for response evaluation;
and (b) except for immune-related stable disease (irSD), the

Immune-related response criteria
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designation of immune-related complete response (irCR),
immune-related partial response (irPR), and particularly
immune-related PD (irPD) required confirmation with a re-
peat and consecutive imaging scan at least 4 weeks from the
date first recorded.?® Notably, the confirmation of PD was
designed to capture pseudoprogression. Nevertheless, some
disadvantages including bidimensional measurements and
multiple index lesions to be measured limit its wide use in
practice.

3.2.2 | Immune-related RECIST

In 2013 and 2014, Nishino et al successively proposed irRE-
CIST to remedy the limitations of irRC.*** First, irRECIST
simplified the measurement of tumor burden by allowing uni-
dimensional measurements instead of bidimensional meas-
urements. Second, irRECIST reduced the number of target
lesions to be evaluated (Table 2). However, key features of
irRC were maintained in irRECIST, such as inclusion of new
lesions into TTB measurement and confirmation of PD.**%
Notably, in irRECIST, confirmation of progression was not
mandatory but recommended for patients with an increase of
TTB >20% particularly within 12 weeks after the treatment
onset to avoid the loss of salvage therapies.33 +36

3.23 | Immune RECIST

To ensure consistent study design and data collection and
facilitate the ongoing collection of trial data, iRECIST was
proposed by RECIST working group in 2017, designed to in-
tegrate modified RECIST (RECIST version 1.1) into cancer
immune-related criteria.’’ There were two major innovations
in iRECIST. First, new lesions were separately documented
and added into the assessment of progression. Second, a
novel concept known as immune unconfirmed PD (iUPD)
was proposed. Immune unconfirmed PD refers to an initial
RECIST 1.1 PD that still requires to be confirmed. Immune-
unconfirmed PD could be reassigned a couple of times so
long as immune-confirmed PD (iCPD) has not been reached.
Immune-confirmed PD should be evaluated at follow-up im-
aging in 4-8 weeks after iUPD, described as the presence of
additional new lesions or a further increase in tumor burden
compared with iUPD. To note, iRECIST is not expected to be
a guidance of therapeutic decision-making in routine clinical
practice; all decisions about continuation or termination of
treatment should be codetermined by multidisciplinary dis-
cussions with oncologists and paltif:nts.lg’37’38

In summary, immune-adapted systems could capture re-
sponses otherwise missed with RECIST in a small number of
patients.21’23’28’29’3 940 However, these novel criteria should be
considered as indispensable complements but not alternatives
to conventional RECIST. Because pseudoprogression is an
uncommon occurrence and clinical practice might not change
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accordingly. Furthermore, iRECIST were derived from ex-
pert consensus, further efforts are required to validate the su-
periority and applicability of this novel system.41

3.3 | New observations and challenges in the
radiological assessment of immunotherapy

331 |

Immune RECIST might fail to capture pseudoprogression,
particularly in patients with “symptomatic pseudoprogres-
sion.” In general, pseudoprogression should not be accom-
panied with the deterioration of clinical status, which usually
indicates the true progression. However, a recent review by
Vrankar et al reported the “symptomatic pseudoprogression”
in eight NSCLC patients treated with anti-PD-1/PD-L1 ther-
apy.42 These eight patients experienced psuedoprogression
accompanied with clinical deterioration, followed by clini-
cal benefit after 4-20 weeks after treatment onset. According
to iRECIST, treatment beyond progression per RECIST 1.1
should only be allowed in patients with a stable clinical sta-
tus.”’ However, due to the lack of alternative salvage therapies,
these patients continued to receive anti-checkpoint agents and
ultimately benefited from the continuation of immunotherapy.

Owing to insufficient evidence, the underlying mecha-
nisms of the symptomatic pseudoprogression are unclear
currently. However, its existence further complicates the situ-
ation of immunotherapeutic response assessment. Regardless,
it reminds clinicians that decision-making regarding a sus-
tained or terminated therapy should rely on the adequate con-
sideration of the patient's clinical status, treatment response
patterns, and available salvage therapies.

Symptomatic pseudoprogression

332 |

The current immune criteria might fail to enable an early
detection of HPD during ICB therapy. Ferrar et al defined
HPD as RECIST 1.1 progression at the first CT evaluation
and ATGR exceeding 50%.%* TGR was defined as a percent-
age increase in tumor volume within 1 month.>* ATGR was
the variation in TGR upon and before treatment, allowing the
evaluation of the relationship between treatment and tumor
grovvth.24 Therefore, the radiological assessment of HPD re-
quires at least two imaging studies before immunotherapy
(baseline and the most recent study before baseline) and one
imaging study during treatment.”*** However, iRECIST did
not incorporate the pretreatment imaging data into the de-
termination of TGR. Hence, HPD can only be detected at
the second imaging assessment after treatment initiation.*’
According to iRECIST, the RECIST PD was defined as iUPD
at the first imaging assessment (8-12 weeks after therapy
onset), and iCPD was determined in 4-8 weeks after iuPD.”’
Using iRECIST, patients with early HPD need to continue

Hyperprogression

. 5405
Cancer Medicine - WI LEYJ—

ineffective therapies for at least 12 weeks before HPD is iden-
tified.”® Therefore, conducting an early imaging assessment
(eg, at first 4-6 weeks after treatment onset) and integrating
the pretreatment tumor kinetics are mandatory for an early de-
tection of HPD in patients receiving anti-checkpoint therapy.

3.4 | Immune-related adverse events

Despite the increased response rate and prolonged survival,
ICB is accompanied with a wide spectrum of toxicities,
known as irAEs, which frequently involve in gastrointesti-
nal tract, endocrine glands, skin, and liver."® Less common
sites involved are central nervous system, cardiovascular
system, lungs, skeletal musculature, etc. Beyond thera-
peutic response assessment, medical imaging also plays
an indispensable role in the detection and monitoring of
irAEs. As described in Table 3, the most common sites
and imaging characteristics of irAEs were summarized.
The optimal imaging tools for the detection of each type of
irAEs were also recommended. These data might help on-
cologists and radiologists to be familiar with the common
irAEs, thus increasing the detection rate of immune-me-
diated complications. It must be highlighted that optimal
management of irAEs should be established on the compre-
hensive evidence of imaging findings, biochemical results,
and clinical presentations.

3.5 | Application of medical imaging across
diverse tumor types

Within cancer imaging, anatomical imaging by CT and MR
imaging is currently applied in standard clinical practice for
detection, characterization, staging, therapeutic efficacy assess-
ment, and recurrence and metastasis surveillance of various
malignancies. For example, high-resolution CT is frequently
used for the screening of single pulmonary nodule, whereas
contrast-enhanced MR imaging is commonly applied to de-
tect brain metastases. In addition, functional imaging provides
added information regarding tumor biological behaviors by re-
vealing changes at the molecular, cellular, and organizational
levels. For instance, dynamic contrast-enhanced MR imaging
(DCE-MRI) can be used to investigate the relationship between
tumor microvascularity and histopathological grade, tendency
for metastasis and recurrence and patient prognosis, etc.®
Diffusion-weighted imaging (DWI) can be applied to charac-
terize tumors and identify early changes after treatment inter-
vention. Furthermore, 18F—ﬂuorodo:oxyglucose ("®F-FDG) PET
provides complementary information to structural imaging
techniques by uncovering tumor metabolic changes,57 which
is generally used for the diagnosis and staging of tumors with
aggressiveness and metabolic activity, such as melanoma, lym-
phoma, and lung, breast, esophageal, colorectal, or head and

neck cancer.*



5406 .
—I—Wl EY—Cancer Medicine _

WEI ET AL

TABLE 3 Common sites and imaging patterns of irAEs in immune checkpoint blockade therapy

Systems irAEs

Endocrine system Hypophysitis

Thyroiditis

Respiratory and Pneumonitis

circulatory system

Sarcoid-like
lymphadenopathy

Digestive system Colitis

Hepatitis

Pancreatitis

Imaging patterns

Diffuse pituitary enlargement, stalk thickening, no
compression of the optic apparatus, homogeneous or
heterogeneous patterns of enhancement and intense
BR_EDG uptake™*

Thyroid gland enlargement, hypoechoic and heteroge-
nous echotexture on US, heterogeneous enhancement
and intense and diffuse '®F-FDG uptake**

Interstitial pneumonia: (a) cryptogenic organizing
pneumonia (COP)-like pattern; (b) ground glass
opacities (GGO); (c) sarcoid-like pattern (hilar lym-
phadenopathy with or without micronodules, GGO
and peribronchial interstitial thickening prevalent in
hilar regions)*’

Mediastinal and hilar lymphadenopathy with or
without pulmonary changes (ie, nodular thickening
of peribronchovascular bundles and the interlobular
septum) and moderate uptake of BR_FDG!843

(a) Diffuse colitis pattern; (b) segmental colitis accom-
panied with diverticulosis pattern; (c) isolated recto-
sigmoid colitis without diverticulosis pattern. (ie,
mesenteric vessel hyperemia, mild diffuse/segmental
colonic wall thickening, fluid-filled distended colon,
pericolic fat stranding, and diffuse/segmental colonic

mucosal hyperenhancement y16:48:49

Hepatomegaly, diffuse low-attenuation of liver
parenchyma on CT, periportal/gallbladder edema,
periportal lymphadenopathy, and heterogeneous
parenchymal enhancement with low-attenuation areas
on CT#3:46.50

Focal or diffuse pancreatic enlargement, peripancreatic
fat stranding on CT, reduced enhancement, and dif-

UsS

++

CT

H+

+++

++

++

++

++

MRI

+++

+++

+++

PET

++

I+

fuse increased '*F-FDG uptake>!

Musculoskeletal Arthritis

43

system erosions

Note: This table was modified according to reference 43.

Soft tissue swelling, synovitis, and subchondral ++ +++ +

Abbreviations: CT, computed tomography; ISF-FDG, 18F—ﬂuomdeoxyglucose; irAEs, immune-related adverse events; MRI, magnetic resonance imaging; PET,

positron emission tomography; US, ultrasound.

In summary, anatomic imaging is the most frequently ap-
plied imaging tool in clinical practice for the management
of cancer patients. Nevertheless, structure imaging alone is
inadequate to fully characterize and monitor tumor lesions.”®
Integrating functional and metabolic imaging modalities into
the anatomic imaging techniques contributes to maximize the
value of information acquired for tumor detection, characteri-

zation, and surveillance.>®

4 | IMAGING BIOMARKERS FOR
IMMUNE CHECKPOINT THERAPY

In view of the limited response rate and immune-induced tox-
icities, identification of robust biomarkers before treatment

is critical to determine the best candidates for ICB therapy.
Currently, a wide range of biomarkers have been under inves-
tigation, of which most were derived from tissue or blood.>?
However, some limitations are prominent in each type of
biomarkers. First, tissue-based biomarkers, such as PD-L1
expression, tumor infiltrating lymphocytes, mutational or
neoantigen burden,5 3 are often evaluated using invasive his-
topathological tests and demonstrate restricted capacity in
capturing the spatial and temporal heterogeneity of tumors.’
Second, noninvasive blood-based biomarkers, that is, the ac-
count of lymphocytes and other immune cells circulating,
peripheral blood T cell subsets and liquid biopsy,54 cannot
provide accurate information on the status of each individ-
ual tumor lesion.’> Given these unmet clinical needs, non-
invasive imaging biomarkers that allow assessment of both
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tumor lesions and the surrounding microenvironment may
serve as highly valuable complements to tissue and blood
biomarkers. '®

4.1 | Anatomic imaging

Tumor burden used to be the most important surrogate in the
therapeutic effect assessment by size-based criteria. Tumor
density can reflect the intratumoral vasculature or necrosis
that might be of predictive value.* Recently, several stud-
ies consistently found that the changes in tumor burden
might serve as predictive biomarkers for clinical outcomes
in advanced cancer patients receiving immunotherapy.zz"m’5 5
Nishino et al found that an increase of tumor burden per ir-
RECIST less than 20% from the baseline CT scans was as-
sociated with longer OS (P < .01) in advanced melanoma
patients during pembrolizumab treatment.”” Dercle et al re-
ported that high tumor burden, defined as tumor burden per
RECIST 1.1 >9 cm, was an independent predictor of OS
(P < .01) in patients with various tumor types treated with
anti-PD-1/anti-PD-L1 therapy.55 Similarly, another study by
Khoja et al comparing four radiological criteria (RECIST
1.1, irRC, CHOI and mCHOI) showed that changes in tumor
size and density might be independent biomarkers for pre-
dicting OS (P < .01) in patients with metastatic melanoma
treated with pembrolizumab.40

These preliminary observations proposed a practical
noninvasive biomarker for predicting clinical benefit of ICB
therapy.22 However, the capacities of anatomic imaging in
the characterization and monitoring of tumor evolution are
limited.>>”° In addition, no consensus has been reached on
whether tumor burden could be a reliable biomarker in im-
munotherapy. Therefore, further large-scale prospective stud-
ies are warranted to validate the efficacy of these biomarkers.

4.2 | Metabolic imaging

"E_FDG PET/CT scan can depict early changes in tumor
metabolism prior to overt morphologic changes, which
sparks a variety of studies to investigate the feasibility of
BE.FDG PET/CT scan in predicting the treatment efficacy
and survival benefit of patients under ICB therapy.’’”’ Cho
et al proposed a novel criteria termed as PET/CT criteria for
early prediction of response to ICI therapy (PEPRIT) based
on functional and anatomic parameters derived from PET/
CT scans at 3-4 weeks during immunotherapy to predict
treatment response at 4 month of ICB therapy in melanoma
patients with a sensitivity of 100%, specificity of 93%, and
accuracy of 95%.%7 They also observed that early increased
BE.FDG uptake at 3-4 weeks during ICB therapy was likely
associated with favorable clinical outcomes.’” Their findings
suggested the occurrence of early inflammatory response at
the tumor milieu was induced by ICB. Results from another
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trial involving 24 NSCLC patients receiving nivolumab
showed that metabolic response evaluated by "BE_-FDG could
accurately predict response and prognosis at 1 month after
nivolumab therapy.58 Ito and colleagues found that tumor
response on BE.FDG PET/CT scans according to PET re-
sponse criteria in solid tumors (PERCIST) was significantly
associated with OS in melanoma patients undergoing ip-
ilimumab therapy.60 Meanwhile, in another study, they also
revealed that tumor burden measured with whole-body meta-
bolic tumor volume (WMTV) can serve as a robust biomarker
for predicting prognosis in melanoma patients treated with
ipilimumab.®" According to their findings, patients with a
wMTV more than 27 cm® would have a shorter median OS
time compared with those with a wMTYV below that cutoff
value (10.8 vs 26.0 months).

Outcomes from these studies indicated that 'SF-FDG
PET/CT scan can provide complementary information to
classic anatomic imaging including CT and MR imaging,”’
however, larger cohorts are warranted to validate these find-
ings from studies with small sample size. Of note, it is essen-
tial for radiologists to realize that increased BE.FDG uptake
is not specific for neoplasms regardless of its high sensitivity,
because other pathological processes, including inflamma-
tory reaction, can also show elevated glucose metabolism. In
this setting, it is a great challenge for readers to distinguish
tumor progression and metastases from inflammation on
PET scans.”**"%? Future efforts are warranted to solve this
dilemma in "*F-FDG PET/CT.

4.3 | Functional imaging

Diffusion-weighted imaging permits the measurement of
random translational diffusion of water molecules and there-
fore provides pivotal information on tissue cellularity and
cytomembranes integrity.63 Apparent diffusion coefficient
(ADC), a quantitative parameter derived from DWI, can
reveal the magnitude of water molecule motion in the ex-
tracellular compartment.64 Malignancies may demonstrate
restricted diffusion and lower ADC values because of their
high cellularity, whereas tumors with increased diffusion and
higher ADC values can be seen as the evidence of therapeu-
tic benefit. This can be explained by the fact that inflamma-
tion and necrosis caused by effective treatment would lead
to prominent extracellular edema and decreased cellularity.
Qin et al enrolled 10 recurrent glioblastoma patients under-
going anti-PD-1 therapy and observed initial volumetric ex-
pansion in tumor lesion within 0-6 months across different
imaging sequences.”” Potential explanations for the early
increase in tumor volume were continued tumor growth
due to delayed responses to immunotherapy and the infil-
tration of inflammatory cells, which would also reduce the
ADC values of the tumor lesions.% They found that stable
or improved intermediate ADC volumes of interest JADC



WEI ET AL

5408 .
—I—Wl EY—Cancer Medicine _

VOI) after 6 months of therapy onset can provide more use-
ful predictive information on therapeutic benefit compared
with conventional imaging, including contrast-enhanced
T1-weighted imaging (T1WI), FLAIR-T2-weighted imag-
ing (T2WI) and response assessment for neuro-oncology
(RANO) criteria measures.®

Robust evidence in terms of the predictive value of DWI
remains to be proposed. Likewise, the suboptimal image
quality (eg, poor signal noise ratio, limited spatial resolution,
and artifacts) and low reproducibility of ADC measurements
may hinder the applicability of DWI in practice.63 Therefore,
diffusion images are recommended to be interpreted in
conjunction with conventional imaging sequences, such as
T1WI, T2WI, and contrast-enhanced sequences.63

44 | Radiomics

Radiomics is an imaging processing and analysis technique
that enables the conversion of routine radiological images
into quantitative data and the subsequent mining of high-
dimensional data.'”%® The assumption for radiomics is that
biomedical imaging can reflect both macroscopic and patho-
physiological characteristics of tissues, which can be uncov-
ered by quantitative image analyses.15 17 The ultimate goal
of radiomics is to generate imaging-based biomarkers to im-
prove knowledge of tumor biological behaviors and advance
the development of precision medicine.%

Several studies have demonstrated that CT-based radio-
mics features might effectively predict responses and prog-
nosis in patients treated with immunotherapies.'>%"*® Sun
et al analyzed the data from four independent multicenter
cohorts of 491 patients with advanced solid tumors who re-
ceived anti-PD-1/PD-L1 monotherapy and established a CT-
based radiomics signature of tumor-infiltrating CD8 cells."
The radiomics signature was comprised of eight variables
and demonstrated good prediction performance for the gene
expression signature of CD8 cells (area under the receiver-
operator characteristic [AUROC]: 0.67) and tumor immune
phenotypes (AUROC: 0.76). They observed that a higher ra-
diomic score at baseline was significantly associated with ob-
jective response, controlled disease, and favorable OS. More
recently, Tunali and colleagues established clinical-radiomic
models to predict two rapid disease progression phenotypes
(time to progression [TTP] <2 months and HPD) in a cohort
of 228 NSCLC patients.68 In this study, radiomic features
were extracted from both the intratumoral and peritumoral re-
gions based on baseline contrast-enhanced CT images within
1 month prior to the initiation of ICB therapy. In terms of
TTP <2 months, the prediction model incorporated four clin-
ical covariates (hepatic and bone metastasis, previous lines of
systemic therapies, and neutrophils to lymphocytes ratio) and
four radiomic features (radial gradient border SD-2D, border
quartile coefficient of dispersion, border 3D Laws ESESLS,

and 3D Laws E5L5ES) and revealed an AUROC of 0.804,
specificity of 83.4%, sensitivity of 63.4%, and accuracy of
73.4%. Notably, three of the four radiomic features were ex-
tracted from the border regions of tumors, where appeared
to be more informative than intratumoral regions in reflec-
tion of the heterogeneity of tumor microenvironment.®® With
regard to HPD, the prediction model was based on Royal
Marsden Hospital prognostic score and one radiomic feature
derived from the tumor border (border neighborhood gray-
tone difference matrix strength) with an AUROC of 0.865,
specificity of 92.9%, sensitivity of 74.0%, and accuracy of
82.3%. Likewise, Durot et al analyzed the texture features of
74 metastatic lesions on baseline contrast enhancement CT
images in 31 patients with metastatic melanoma receiving
pembrolizumab and revealed that tumor skewness at coarse
texture scale was an independent predictor of OS and pro-
gression-free survival.%’

These pioneering efforts are of great significance in re-
vealing a promising direction for radiomics-based biomark-
ers in immunotherapy. However, some barriers, including
the image acquisition variability, high-probability of false-
positive results, overfitting, challenges in result interpre-
tation, and low reproducibility, probably slow down the
clinical transition of radiomics.'® Future prospective studies
with rigorous designs and standardized imaging acquisitions
are warranted to further investigate the capacities of radio-
mics in immuno-oncology. Since both hyperprogression
and pseudoprogression can be manifested as an accelerated
tumor growth early during the course of immunotherapy, fu-
ture studies are warranted to investigate the feasibility of ra-
diomics in distinguishing these two atypical immune-related
response patterns.32 In addition, integration of radiomic
features into clinical, histopathological, and genomic bio-
markers might provide added information regarding more
precise malignant biological property profiling for predic-
tive purposes.69

4.5 |

The application of molecular imaging in immuno-oncology
is related to employing radiolabeled antibodies, antibodies
fragments, peptides, and proteins to track immune check-
point targets at the cellular and molecular levels and to un-
cover the dynamic changes of the biomarkers expression.70
Preclinical studies showed that immuno-PET monitoring of
CD8+ T cells could serve as a predictive and prognostic bio-
marker for immune checkpoint therapy.ﬂ’72 Currently, effec-
tive efforts are underway to define PD-L1 or PD-1 expression
using noninvasive molecular probes, of which a large number
of studies focused on the feasibility of antibody-based tracers
in immunotherapy.”'82

For PET/CT-based molecular imaging, %4Cu and Zr are
the most common radionuclides used in immuno-oncology.

Molecular imaging



5409

‘uorssarSoid o3 owmn ‘g 1.1, ‘osuodsar jusunean Y[, ‘AydeiSowoy peyndwod uorsstwe uojoyd-o[3urs ‘LOHHJS 9SeasIp o[qeIs

‘ds ‘TeAraIns 9a1j-uorssaidold ‘Gjd siown) prjos ur e asuodsal 14 ‘LSIDYAd ‘Aderoy) D] 03 asuodsar jo uonorpaid A[res 103 eoid 1.0/1Ad ‘LINMdAd {[BAIAINS [[BIOA0 ‘SO osuodsal 9A1109[qo O ‘1ooued Sunf [[90
[[eWwS-uou ‘) TSN 9IUDSAION[J PAIBIJUI-IBIU ‘YN SIOWN) PI[OS PAXIW ‘LS $2OUBUOSI ONoUTew YA Opeyd0[q Jutodyodyod sunwwr ‘gD ‘S[opou Jjeidouax Jown) uewny ‘X LH Judde SuiSewr g4 dyoads g swkzuerd
‘dz0 ‘AyderSowo) uorsstwa uonisod asoon[3Axoaporon[j-4871 ‘Ldd Oy, ‘SurSewr payySrom-uorsnyyip ‘T ‘AydeiSowo) peyndwod ‘1) ‘osuodsal [[eI0A0 159q YO JUAIOIIFe0d uorsnyjip juaredde OV :suoneiadIqqy

—WILEY

Ope

ICIne

Cancer Med

WEI ET AL

LSIN-INX.LH - uorssardxa [T-Ad g9z s, SOTPOGNUR PI[RQRIT o -] LD5/124ddS
LSIN-INX.LH — uorssaxdxo 1 T-ad c%Boﬁamoam: Quwiose1ao rewosodr] prqAyoueN TIIN Pue I9IN
cw%oauca
190UBd 18BAIq-INX LH — uorssaidxa [-ad PA[RqR[- MD00SRAQAI/ND,,4-UIIqRIOXOP-dw0sodI] 1Ad/TIIN
uorssaidxo
LSIN-INX.LH P-V1LD-hue ‘[-ad-nue g owkzueIs 1y, 06:6sdZD"VILON-8Dg,
LSIN-INX.LH - uorssaxdxo [T-dd ag15cgUI01d pajaqe[-eD g N, o -,
LSIN-INX.LH — uorssardxoe [T-Ad L6'vg 2P0dad pajaqer -4 -nD,
LSI-s1uoned uewny 1'1-dd-hue SO ‘Sdd ¥l gAPOQNUE PA[aQR[-17
LSIN-INX.LH - uorssaxdxa [-qd 29'1gS2IPOQNUR PI[RQR[-ND, ;=17 o
LSIN-INX.LH - uorssardxa [T-Ad o1 SOTPOANUR PI[RQR[-IZ, o 1D,
LSIW-IWXIH -V 11D-nue UL SwuewSer Apoquue urewop-o[Suts pIRIADHd PARqRI-1Z,
LSIW-IWXIH I'T-dd-nue qL 1, APOqEIp-s£0 §(qD-NUE PI[AQR[-AUIUEXOLLIJSP-IZ o Iad  SurSew! emodoN
BUWOURIIN [-ad-nue Sdd ‘SO 1oP[EOS INXA) SIEOD JE SSOUMAYS JOWN [,
JIOSN [7T-/1-Ad-Due ‘p-y1LO-hue ddH 0w z> dLL Eoal= OIS IEOIDERERTITS)
sIown) PIjos PIXIA 171-/1-dd-hue SO ‘ds 90 ¢;SPIBIEA JYSIO YIIM SOIMBUSIS SOIWOIPEY 1D SOTuIoIpe Y
couonenIut
BUWO)SB[QOI[D) [-dd-nue  ow G< Awn [BAIAING Ade1ay) Jo ow 9 I9}je 1SAIUI JO SAWN[OA DY ABIPIULIAIU] IMA-YN  SuiSewr [euonoung
BUWOUR[IN $-V1LD-Due SO 1oPWN[OA Jowm) dT[OqeIdw KPoq-S[OYA\
JTOSN [-dd-Due SO ‘Sdd ‘oW [ 1B JL oo LSIOYHd 1od esuodsar srjoqejew sown,
RWOUR[IIA -V 1LD-nue SO 0o LSID¥Ad 10d asuodsar orjoqejewr Jown
PUIOUB[IA I'T-/1-dd-Due ‘p-y11D-Due our < 18 JOd ,oLTAdHAd 1od asuodsar orjoqeldw Jowny, LD/1dd DA,  SurSewr Jroqeld
BUWOUR[IIA I-ad-nue SO o EHRID TOHD 1od Ayisuop Jowny pue Dyt 1od 9z1s Jown,
sad£) Jowny odnniy 11-/1-dd-Dhue SO WO 6< T'LLSIOAY 1od uoping own,
BUWOUR[IIA [-ad-nue SO 2LSTOTYI 1ad g1, Jo oseardur 407> 1D Surdewr orwojeuy
3d4) Jowinf, Adexay gO1 sasodand SIdIeWOoIg sonbruyda], sapIEepow urdewy
/syutodpusa [earury)

Aderoyy apexo0[q Jurodyoayd sunwiwi 10y s1oyIewolq paseq-surSewt Suisiowy  $ 14V L



WEI ET AL

5410 .
—I—Wl EY—Cancer Medicine _

For instance, Natarajan et al developed 89Zr—keytruda and
64Cu—keytruda to visualize PD-1 expression on human tumor
infiltrating lymphocytes within tumors and lymphoid tis-
sues.®? With regard to SPECT/CT-based molecular imaging,
several studies showed the capacity of '''In labeled anti-PD-
L1 antibodies for imaging PD-L1 expression in triple-nega-
tive breast cancer (TNBC) and NSCLC.”>7376 Furthermore,
Pang et al demonstrated that BI-PD-L1 monoclonal an-
tibody (mAb) could be a potential tool for noninvasively
visualizing PD-L1 expression in primary tumors and me-
tastases.”® More recently, Bensch et al conducted a first-in-
human study to assess the potential of 897 r-atezolizumab in
predicting the treatment response to PD-L1 blockade in 22
patients across three tumors types (bladder cancer, NSCLC,
and TNBC).% They firstly imaged PD-L1 status across in-
flammatory tissues and normal lymphoid tissues in human
patients and found that the uptake of tracers before treatment
seemed to be a robust biomarker to predict clinical responses
and prognosis of patients.

Despite the tremendous potential of antibody-based trac-
ers, they have slow blood clearance that leads to long wait-
ing time (eg, several days) between imaging scan and tracer
injection, which prevents the clinical transformation of the
molecular imaging. In this setting, a number of protein- or
peptide-based radiotracers have been fabricated to compen-
sate the pitfalls of the antibody-based probes.84'91 For ex-
ample, Trotte et al developed a 18F_labeled affibody ligand
that can effectively detect PD-L1 expression in xenograft tu-
mors by PET imaging, with preferable specificity, fast blood
clearance, and low normal tissue uptake except nephridia.85
Larimer et al demonstrated that granzyme B PET imaging
might serve as an effective biomarker for predicting responses
to immunotherapy in human tumor xenograft models.¥*

In summary, molecular imaging demonstrated enor-
mous potential to produce a large number of biomarkers.
Visualization of PD-L1 expression in vivo is a hot spot in
the latest researches on molecular imaging in immunother-
apy. Although PD-L1 status alone is insufficient to select
the potential responders, it could not be ignored in some
cases, such as the first-line treatment of NSCLC. Compared
with immunohistochemical technique, molecular imaging
can provide a longitudinal monitoring of PD-L1 status and
reduce missed diagnosis due to small biopsy samples by
assessing the level of PD-L1 throughout the whole body.92
However, problems including high costs, complexity of
skills, limited availability of radiotracers, lack of standard-
ized procedures, and quality testing remain to be solved be-
fore these biomarkers can be successfully applied in clinical
practice.52 Table 4 summarizes the emerging imaging-based
biomarkers in the latest published literatures, which are
likely to provide some fresh perspectives to researchers who
focus on the latest advances of medical imaging in cancer
immunotherapy.

5 | CONCLUSIONS

The introduction of ICB has dramatically improved clinical
outcomes of advanced cancer patients spanning various tumor
types. Three unconventional response patterns in immuno-
therapy including pseudoprogression, dissociated response,
and hyperprogression are accompanied with distinguished
prognosis and pose significant challenges to response assess-
ment in immunotherapy. Medical imaging is the cornerstone
for longitudinal monitoring of the changes in tumor burden.
Noninvasive imaging studies play crucial roles in detection
and surveillance of irAEs. A wide range of imaging biomark-
ers including anatomic, metabolic, and functional parameters,
radiomic features, and molecular probes have demonstrated
enormous potential for predicting responses and prognosis in
patients receiving ICB therapy. Further efforts are warranted
to achieve the clinical transformation of these predictive im-
aging biomarkers for optimizing therapeutic strategies and
improving patient outcomes in clinical practice.
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