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cacy of targeted agents in tumors harboring specific genetic alterations and to identify
imaging parameters that can be used as pharmacodynamics markers in cancer patients.
The present review will primarily focus on preclinical imaging studies that can accelerate
the clinical approval of targeted agents and promote the development of imaging bio-
markers for clinical applications. Since only subgroups of patients may benefit from treat-
ment with targeted anticancer agents, the identification of a patient population expressing
the target is of primary importance for the success of clinical trials. Preclinical imaging
studies tested the ability of new radiolabeled compounds to recognize mutant, amplified, or
overexpressed targets and some of these tracers were transferred to the clinical setting.
More common tracers such as 18F-Fluorothymidine and 18F-Fluorodeoxyglucose were
employed in animal models to test the inhibition of the target and downstream pathways
through the evaluation of early changes of proliferation and glucose metabolism allowing
the identification of sensitive and resistant tumors. Furthermore, since the majority of
patients treated with targeted anticancer agents will invariably develop resistance, preclini-
cal imaging studies were performed to test the efficacy of reversal agents to overcome
resistance. These studies provided consistent evidence that imaging with radiolabeled
probes can monitor the reversal of drug resistance by newly designed alternative com-
pounds. Finally, despite many difficulties and challenges, preclinical imaging studies target-
ing the expression of immune checkpoints proved the principle that it is feasible to select
patients for immunotherapy based on imaging findings. In conclusion, preclinical imaging
can be considered as an integral part of the complex translational process that moves a
newly developed targeted agent from laboratory to clinical application intervening in all clin-
ically relevant steps including patient selection, early monitoring of drug effects and rever-
sal of drug resistance.
Semin Nucl Med 49:369-381 © 2019 Elsevier Inc. All rights reserved.
Since the approval of imatinib for treatment of chronic
myelogenous leukemia, several additional targeted

agents were included in the therapeutic armamentarium
against cancer. These compounds are monoclonal antibod-
ies or small molecular weight inhibitors that can block the
function of critical molecules required for the maintenance
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of the malignant phenotype. Targeting these molecules
with specific inhibitors would cause growth arrest and apo-
ptosis in cancer cells and a benefit for the patient. An exam-
ple is provided by oncogene drivers, that is, mutant
oncogenes that promote malignant transformation in a
given organ or tissue. A number of genetic alterations have
been identified as triggers of malignant transformation, and
the concept of “oncogene addiction” has been introduced to
explain the dependence of some cancers from one or few
genes for the maintenance of their malignant phenotype.1,2

Once the oncogene driver of a specific neoplasm has been
identified, it becomes an optimal target for therapy since its
inhibition causes cell death.
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Despite the success achieved by several compounds, many
targeted anticancer drugs failed to get clinical approval
because they did not meet endpoints of clinical trials. Critical
analysis of such failures lead to the identification of several
important issues that need to be addressed in early drug
development including target expression, patient selection,
pharmacokinetics, pharmacodynamics, and drug resis-
tance.3,4 Preclinical imaging studies can provide noninvasive
tools to evaluate drug target expression, its functional modu-
lation, tumor targeting, pharmacokinetic, and pharmacody-
namic aspects thus identifying the compounds that have a
high probability of success in the subsequent experimental
clinical phases. Furthermore, preclinical imaging studies can
identify and validate imaging parameters that can be trans-
lated into the clinical context and used as pharmacodynamics
markers in patients treated with targeted agents. The present
review will primarily focus on preclinical imaging studies
that can be helpful to accelerate the clinical approval of tar-
geted agents and to develop imaging biomarkers for clinical
applications. Due to space constraints, we cannot provide an
overview of all the target/agent systems developed so far but
we will provide representative examples of how preclinical
imaging studies may help to select patients for targeted thera-
pies, to monitor drug effects during treatment, and to iden-
tify and overcome drug resistance.
Table 1 Representative Radiolabeled Probes Recognizing Main Onc

Target Tracers Scan Time p.i.

EGFR Small molecules
[11C]PD153035 �60 min
[11C]erlotinib �10 min, �90 min
[18F]gefitinib 1 h
[18F]afatinib �2 h
[11C]osimertinib �2 h
[18F]F-PEG6-IPQA �3 h
[18F]IRS 1 h, 2 h
[18F]ODS2004436 �3 h

HER2 Antibody/protein-based
[89Zr]trastuzumab
[111In]-, [64Cu]DOTA-trastuzumab
Fab

48 h
24 h

[124I]C6.5 diabody �24 h, 48 h
[68Ga]NOTA-2Rs15d
[18F]FB-2Rs15d
[18F]RL-I-5F7
[131I]SGMIB-2Rs15d

1 h
�4 h, 24 h

[18F]ZHER2:342

[111In], [68Ga]DOTA- ZHER2:2395

[111In], [68Ga]NODAGA-ZHER2:2395

[188Re]ZHER2:V2

1 h, 4 h

c-MET Antibody/protein-based
[76Br]onartuzumab
[89Zr]onartuzumab
[89Zr]DN30

�24 h, �5 days

[89Zr]minibody
[89Zr]H2 cys-diabody

24 h, 44 h
4 h, 20 h

[18F]AH113804
[99mTc] AH-113018

1 h
60 min, 90 min

[89Zr]PRS-110 �6 h, �96 h
Target Expression
Targeted agents bind to molecules that are expressed in
tumors bearing specific genetic alterations and hence only
subgroups of patients may benefit from treatment with these
agents. Therefore, the identification of a patient population
expressing the target is a critical early step in all clinical trials.
Depending on the specific genetic alterations and molecular
landscape of a given tumor, several molecular, genetic, and
histopathologic tests are currently used to identify subgroups
of patients who will likely respond to therapy.3,5 Preclinical
studies were performed to test the ability of new tracers to
recognize mutations or aberrant expression of targets in liv-
ing organisms providing information on their levels within
tumors, distribution in the whole body, and eventually
highlighting heterogeneity among tumor lesions (Table 1).

An example is provided by EGFR, a well-recognized onco-
gene driver of non�small cell lung carcinoma (NSCLC). The
most common activating mutations in the kinase domain of
EGFR are exon 19 deletions and exon 21 missense mutation
(L858R). These mutations occur in 10%-15% of Caucasian
and 30%-40% of Asian NSCLC patients and are associated
with an increased sensitivity to EGFR tyrosine kinase inhibi-
tors (TKIs). These are small molecules that compete for the
ATP binding to the catalytic kinase domain of EGFR thus
ogene Drivers in Preclinical Animal Models

Animal Model Ref

Lung cancer (6)

Lung, colon, and glioblastoma cancer (7-9)

glioblastoma and lung cancer (10)

NSCLC (11)

Cynomolgus monkeys (12)

NSCLC with wild type and mutant EGFR (13)

NSCLC (14)

Lung cancer (16)

Breast and ovarian cancer (17,18,24,25)

Breast and ovarian cancer (22,23)

Ovarian and breast cancer (27-29,32)

Breast and ovarian cancer (26,30,31)

Gastric and glioblastoma cancer (36,38)

Lung cancer (37)

Breast and gastric cancer (39,40)

Lung, ovarian, and glioblastoma cancer (41)
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inhibiting receptor autophosphorylation and downstream
signaling. The presence of activating mutations is currently
considered as a prerequisite to candidate patients with
advanced NSCLC to first-line therapy with EGFR TKIs.
Although first-generation reversible inhibitors such as gefiti-
nib and erlotinib provided significant clinical benefit, the
occurrence of drug resistance prompted the development of
new irreversible inhibitors. Among these, osimertinib selec-
tively inhibits EGFR with activating mutations even in the
presence of the acquired secondary T790M mutation that is
the most common cause of resistance in NSCLC patients
treated with EGFR TKI.
Several tracers were developed based on the chemical

structure of TKIs and were labeled with 11C and 18F
(Table 1). The ability of these tracers to recognize mutant
EGFR is thought to be determined by their higher affinity for
the kinase domain harboring activating mutations as com-
pared to the wild type domain. Among these probes, 11C-
PD153035, a quinazoline derivative based on reversible TKI,
was tested in nude mice bearing NSCLC.6 PET-CT imaging
studies showed that tracer uptake was higher in sensitive
xenografts harboring activating EGFR mutations than in
resistant xenografts with wild type or double mutant
(L858R/T790M) EGFR. Furthermore, tumor-to-nontumor
ratios were positively correlated with phospho-EGFR levels
in sensitive xenografts but not in resistant xenografts.
Other imaging probes including 11C-erlotinib,7�9 18F-gefi-

tinib,10 and 18F-afatinib11 were obtained by labeling the drug
itself and when tested in animal tumor models, 11C-erlotinib
and 18F-afatinib showed a higher uptake in tumors with
mutant EGFR than in those with wild-type receptor. The
advantage to use these tracers in patients is that they can pro-
vide additional information on drug pharmacokinetics. For
instance, osimertinib was labeled with 11C and used in a
nonhuman primate model to evaluate pharmacokinetics and
brain penetration.12 PET imaging studies showed a greater
accumulation of 11C-osimertinib in the brain as compared to
11C-gefitinib and 11C-rociletinib indicating its potential clini-
cal efficacy in the treatment of brain metastases of NSCLC.
Among the tracers specifically designed to recognize

mutant EGFR, 18F-PEG6-IPQA had an increased selectivity
and irreversible binding to active mutant L858R EGFR.13

PET studies in animal models showed that 18F-PEG6-IPQA
was able to discriminate NSCLC xenografts bearing L858R
mutant EGFR from those expressing wild-type EGFR. Simi-
lar results were obtained with another PET tracer, 18F-IRS,
which was able to selectively bind to mutant EGFR bearing
exon 19 deletion.14 Imaging studies showed a high uptake of
18F-IRS in xenografts with mutant EGFR at 120 minutes
post injection and the administration of gefitinib significantly
reduced tracer accumulation. The same group employed an
analogous radiolabeled probe in a first-in-human PET-CT
imaging of NSCLC patients and a high tracer uptake was
found in tumors harboring EGFR-activating mutations as
compared to tumors with wild-type EGFR.15 Recently, a new
compound, ODS2004436, was labeled with 18F and tested
for its ability to bind activated EGFR both in vitro and in
animal tumor models.16 In addition to a high affinity for the
mutant EGFR in vitro, this new radiolabeled compound
showed a high tumor uptake in lung cancer xenografts bear-
ing mutant L858R EGFR, whereas tumor uptake was low in
the absence of activating mutations. Furthermore, a good
correlation was found between radiotracer uptake in tumors
and phospho-EGFR immunostaining, suggesting that 18F-
ODS2004436 is a good biomarker of activated EGFR,
regardless of the mutation.

Oncogene drivers may also be the results of overexpres-
sion or amplification of certain genes. High levels of HER2
occur in approximately 20% of breast and esophagogastric
cancers mainly due to gene amplification and are able to
drive tumor growth and proliferation. The expression and
amplification of this gene usually is assessed by immunohis-
tochemistry and fluorescence in situ hybridization of the sur-
gically excised tumor and the results of such assays will
candidate the patient to treatment with HER2 targeted
agents. However, in the metastatic setting, it is not possible
to perform biopsy on each lesion especially when they
are not easily accessible. Therefore, several imaging agents
were developed based on the molecular structure of trastuzu-
mab, a humanized monoclonal antibody recognizing the
extracellular domain of the transmembrane receptor HER2.
The whole monoclonal antibody was labeled with 89Zr and
used in animal models and in patients with metastatic breast
cancer or esophagogastric cancer.17�21 To improve pharma-
cokinetics, engineered antibody fragments such as antigen-
binding, single chain variable fragments, diabodies, and
minibodies recognizing HER2 were labeled with 124I22,23 or
64Cu24,25 and used to perform PET studies in animal models
of several tumors including breast and ovarian cancer. Prom-
ising imaging agents are camelid single-domain antibody
fragments and several nonimmunoglobulin protein scaffolds
such as affibodies that are reported to have a more advanta-
geous pharmacokinetics, biodistribution, and tumor homing
properties as compared to intact monoclonal antibodies. Sin-
gle-domain antibody fragments (nanobodies) and affibodies
recognizing HER2 were labeled with a variety of radionu-
clides including 18F,26�28 68Ga,29,30 111In,30 188Re,31 and
131I32 for PET and SPECT studies. Imaging with these tracers
was reported to successfully detect different HER2 levels in
breast and ovarian cancers showing a high tumor-to-back-
ground ratios and a good correlation of imaging findings
with biodistribution estimates of tumor tracer concentration
and receptor expression.

Amplification of MET gene is one of the mechanisms that
can cause the constitutive activation of this receptor resulting
in oncogene-driven tumorigenesis. MET is a receptor tyro-
sine kinase that, upon binding to its ligand hepatocyte
growth factor (HGF), activates a signaling cascade mainly
mediated by the RAS-MAPK, PI3K-AKT, and STAT/JNK
pathways responsible for cell-cycle progression, survival, and
enhanced cell motility. Aberrant expression or constitutive
activation of MET was found in a variety of cancers including
NSCLC,33 renal,34 and ovarian cancer.35 MET amplification
can be intrinsically present in primary untreated tumors and/



Figure 1 18F-FLT PET-CT imaging of sensitive and resistant onco-
gene-driven NSCLCs before and after treatment with erlotinib
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or emerge as a compensatory mechanism in cancers exposed
to inhibitors of other oncogene drivers such as EGFR TKIs
(see section on “Reversal of drug resistance”).
Several imaging agents recognizing MET have been devel-

oped and tested in animal models. Monoclonal antibodies and
human diabody fragments labeled with 89Zr or 76Br showed a
specific enhanced uptake in tumors with high levels of MET
as compared with xenografts with low MET expression.36-38

Furthermore, MET-binding peptides showing a more rapid
pharmacokinetic profile as compared to antibody-based com-
pounds were labeled with 18F and 99mTc for PET and SPECT
imaging, respectively.39,40 Other protein-based small imaging
probes such as anticalins with monovalent specificity for MET
were generated and labeled with 89Zr.41 A specific and signifi-
cant higher tumor uptake was observed in MET-overexpress-
ing xenografts as compared to MET-negative tumors at 48
hours post injection. Despite the development of several
promising tracers recognizing MET, the molecular status of
MET should be known for the enrollment of patients in clini-
cal trials targeting this receptor. In fact, previous studies
showed that only tumors harboring MET genetic lesions,
mainly amplification, have a good response to MET inhibition
characterized by growth arrest, apoptosis, and tumor regres-
sion.42 Genomic profiling of single tumors can identify these
genetic lesions recognizing MET as the oncogene driver in the
molecular landscape of that tumor.
(A and B) Representative transaxial fusion PET-CT images obtained
from untreated and erlotinib treated HCC827 xenografts bearing
activating EGFR mutation and resistant H1975 xenografts harbor-
ing T790M mutant EGFR. 18F-FLT PET-CT scan was performed at
baseline and after 3 days treatment with 150 mg/kg erlotinib. A
decrease of 18F-FLT uptake was observed in sensitive tumor
whereas an increase of tracer uptake was found in resistant tumor.
Early Monitoring of Tumor
Response
Preclinical imaging studies evaluating early tumor response
to a new targeted agent can provide evidence that the new
compound is able to induce functional changes into the
cellular and biological processes modulated by the target.
Therefore, by testing the efficacy of several compounds,
preclinical imaging may identify those that can move on
the following experimental phases. Preclinical imaging
studies are designed to allow visualization of drug-modu-
lated processes in basal conditions and early in the course
of treatment. The selection of the tracer depends on the tar-
get, downstream pathways, and modulated processes. For
instance, treatment with EGFR TKIs by inhibiting EGFR
signaling induces growth arrest of tumor cells in G1 phase
of the cell cycle and a reduction in the rate of proliferation
at very early time points. Visualization of proliferation with
radiolabeled thymidine analogs such as 18F-fluorothymi-
dine (18F-FLT) before and few days after the beginning of
treatment with these agents was employed in previous
studies to test drug efficacy in several animal models.43,44

The common finding of imaging studies performed in sen-
sitive tumors before and after treatment with EGFR TKIs
was a marked reduction of 18F-FLT uptake occurring very
early in the course of therapy (within 24-48 hours) when
tumor size was still unchanged (Fig. 1). Conversely, refrac-
tory tumors showed an unchanged or even increased 18

F-FLT uptake at the same time points. Similar results were
.

,

obtained in preclinical imaging studies with 18F-FLT in
animal models treated with a number of targeted agents
including PI3K/AKT/mTOR,45�53 MEK 1/2,54�57

BRAF,58�60 MET,61�63 Aurora kinase,64�66 and histone
deacetylase inhibitors67�70 (Table 2). In a meta-analysis
including 147 studies using 18F-FLT to monitor treatment
response in animal models, 83% of the studies reported a
decline of 18F-FLT uptake after therapy.43 An association
between 18F-FLT uptake and the rate of proliferation as
assessed by Ki67 immunostaining in tumor samples was
reported.71�73 Validation of imaging findings of 18F-FLT
PET in animal models was obtained also by analyzing the
levels of signaling mediators downstream the target in
excised tumors after treatment in comparison to those of
untreated animals.62 Interestingly, in a small percentage of
studies (8%), the administration of agents that inhibit thy-
midylate synthase such as capecitabine was reported to
cause an increase of 18F-FLT uptake due to an upregulation
of thymidine salvage pathway.74,75 Therefore, the mecha-
nism of action of the targeted agent should be taken into
account when using 18F-FLT since the tracer enter cancer
cells through the thymidine salvage pathway that can be
modulated by the drug.



Table 2 Selected Preclinical Imaging Studies With 18F-FLT PET in Different Animal Models

Target Drug Animal Model Ref

EGFR
Erlotinib Lung, epidermoid and H&N cancer (62,99-101,107)

Cetuximab Lung and colorectal cancer (71,101,108)

CL-387,785 Lung cancer (100)

WZ4002 Lung cancer (100)

PI3K/AKT/mTOR
Everolimus Lymphoma, lung, colorectal, and ovarian cancer (45-48)

BEZ235 Glioblastoma and gastric cancer (49,50)

AZD8055 Glioblastoma (52)

Temsirolimus Burkitt lymphoma (53)

MEK1/2
PD0325901 Melanoma, breast, and colorectal cancer (54-56)

Selumetinib Colorectal cancer (57)

BRAF
PLX4720
PLX3603

Colorectal and melanoma (58-60)

MET
Crizotinib Lung, glioblastoma, and gastric cancer (61,62,107)

BAY 853474 Gastric cancer (63)

Aurora kinase
TAK-901 Colorectal cancer (64)

BMS-754807 NSCLC (65)

AZD1152 Colorectal cancer (66)

HDAC
Belinostat Ovarian and colon cancer (67,68)

Vorinostat Hepatoma and colon cancer (69,70)
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The effects of targeted agents were also monitored with
18F-FDG in animal models. The rationale to use 18F-FDG
in the early detection of response to targeted agents relies
on the fact that oncogene-driven tumorigenesis implies the
reprogramming of key regulatory steps of energy metabo-
lism in cancer cells that become highly dependent on aero-
bic glycolysis rather than on mitochondrial oxidative
phosphorylation. The inhibition of the oncogene driver by
targeted agents causes an early metabolic switch from aero-
bic glycolysis to mitochondrial oxidative phosphoryla-
tion.76 This is accomplished by a dramatic reduction of
hexokinase II and phospho-pyruvate kinase M2 levels and
an upregulation of mitochondrial complex subunits. Can-
cer cells become less dependent from glucose supply and
18F-FDG uptake is reduced a few hours or days after drug
administration when cell viability is still unchanged. There-
fore, when detected very early in the course of treatment
with targeted agents, reduction of 18F-FDG uptake may
reflect inhibition of the target although this does not always
predict the final response to treatment with a given targeted
agent. In fact, if oncogene-driven tumor cells develop resis-
tance to the targeted agent during treatment, a reduction of
glucose metabolism is still possible depending on the new
configuration of the signaling network while proliferation
remains under the unique control of the oncogene driver.
Other confounding situations may occur when the selected
target is not the oncogene driver of a given tumor. Depend-
ing on the role of the target in the signaling network, its inhibi-
tion can reduce glucose metabolism while proliferation
continues to be orchestrated by the unaffected oncogene
driver. Alternatively, 18F-FDG uptake can be unchanged inde-
pendently from proliferation and in this case imaging studies
at later time points are needed to assess whether cell viability
is declined or not in response to the drug. In fact, it is well
known that imaging studies with 18F-FDG performed several
weeks after the initiation of therapy mainly reflect tumor cell
viability and have a high predictive value on the final response
to treatment.

Preclinical imaging studies with 18F-FDG were performed
in animal models before and early after treatment with a
number of targeted agents including EGFR,76�82 Pan-
HER,83,84 c-kit,85�87 VEGF A/VEGFR,88�91 PI3K/AKT/
mTOR,47,48,53,92,93 MEK 1/2,57,94,95 BRAF,58,59,96 and his-
tone deacetylase inhibitors68,97 (Table 3).

The majority of these studies reported the reduction of
18F-FDG at approximately 1-8 days from treatment initia-
tion. When the targeted agent is a monoclonal antibody, its
effect on glucose metabolism is expected to occur at later
time points as compared to treatment with small inhibitors.
This is because large molecules such as monoclonal anti-
bodies are able to reach and bind to their targets several
days post injection, whereas small inhibitors have a more
rapid pharmacokinetic profile. For instance, mice bearing
HER2-overexpressing xenografts showed a reduction of
18F-FDG uptake after 16 days of treatment with trastuzu-
mab, whereas no changes of 18F-FDG uptake were observed
in tumors with low levels of HER2 during the entire course
of therapy.98



Table 3 Selected Preclinical Imaging Studies With 18F-FDG
PET in Different Animal Models

Target Drug Animal Models Ref

EGFR
Erlotinib Lung and H&N

cancer

(76-79)

Gefitinib Lung cancer and
epidermoid
carcinoma

(80,81)

WZ4002 Lung cancer (76)

Cetuximab SCCHN PDX
models

(82)

Pan-HER
Canertinib Epidermoid

carcinoma

(83)

Antibody
mixture

Pancreatic
carcinoma

(84)

c-kit
Imatinib GIST (85-87)

VEGF-A/
VEGFR

Axitinib Breast and
glioblastoma

(88)

Bevacizumab Rhabdomyosar-
coma, breast, and
glioblastoma

(89-91)

PI3K/AKT/
mTOR

AZD8186 Renal, breast and
glioblastoma

(92)

Temsirolimus Burkitt lymphoma (53,93)

Everolimus Lung, colorectal
cancer, and GIST

(47,48,86)

MEK1/2
Selumetinib Colorectal cancer (57)

RO4987655 Lung cancer (94)

TAK-733 Lung cancer (95)

BRAF
PLX4720 Colorectal and

melanoma

(58,59,96)

PLX3603
HDAC

Belinostat Ovarian cancer (68)

Vorinostat Colorectal cancer (97)
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Reversal of Drug Resistance
The clinical use of targeted anticancer agents significantly
improved the outcome of cancer patients and became a valid
therapeutic option for tumors with a known genetic profile
and molecular landscape. However, despite the optimal ini-
tial response to therapy, the majority of patients invariably
develop resistance to the targeted agent. Multiple molecular
mechanisms may be responsible for the acquisition of drug
resistance and include alterations of the target such as sec-
ondary mutations, reactivation of the signal transduction
pathways in a parallel or serial mode, and alterations that
drive prosurvival signals through different pathways. The
elucidation of these mechanisms led to the development of
new inhibitors that are able to overcome resistance in indi-
vidual tumors. Preclinical testing of these inhibitors is
required to prove their efficacy and to promote their use in
clinical trials. Translational imaging may provide additional
endpoints to evaluate the efficacy of these new compounds
in animal models and to detect reversal of drug resistance.

Several imaging studies with 18F-FLT were performed in
animal models bearing NSCLC that were resistant to erloti-
nib for the presence of T790M secondary mutation in
EGFR.99�101 Usually, T790M mutation occurs in EGFR with
activating mutations under the selective pressure of the drug
and is found in almost 50% of resistant NSCLCs. The muta-
tion substitutes the threonine residue with a bulky methio-
nine so that the binding of gefitinib or erlotinib to the ATP
pocket of EGFR can be altered because of steric hindrance or
a reduced binding affinity. Second- and third-generation
inhibitors similarly to gefitinib and erlotinib compete with
ATP for the binding to the kinase domain of EGFR but
unlike first-generation agents, their binding to the receptor is
covalent and irreversible. To monitor reversal of T790M-
mediated resistance by these agents, mice bearing resistant
tumors with T790M mutation were subjected to PET scan
with 18F-FLT before and after 3 days treatment with erlotinib
or irreversible EGFR inhibitors such as CL-387,785, and
WZ4002.100 Post-treatment PET scans showed a significant
decrease of 18F-FLT uptake in tumors of animals treated
with irreversible inhibitors as compared to baseline scans,
whereas an increase of tracer uptake was observed in animals
treated with erlotinib (Fig. 2A). These findings indicated that
imaging studies with 18F-FLT were able to detect the success-
ful reversal of T790M-mediated resistance by second- and
third-generation EGFR inhibitors.

Another mechanism adopted by cancer cells to develop
resistance to targeted therapies is the upregulation and/or acti-
vation of a protein that uses the same signaling pathways of
the target. Despite drug-induced inhibition of the target, a par-
allel redundant signaling is mediated by an altered companion
receptor and transduced to downstream pathways that remain
persistently active. A paradigmatic example of this type of
resistance is the amplification of MET oncogene in EGFR-
mutant NSCLC. This alteration is clinically observed in up to
20% of NSCLCs that become resistant to gefitinib or erlotinib
and causes reactivation of signaling cascade downstream
EGFR despite its continuous inhibition by TKIs. Other known
tyrosine kinase receptors that can be responsible for this type
of resistance include HER2,102 IGF-1R,103 and Axl.104

In this context, preclinical imaging studies may help to
monitor the effects of new compounds designed to overcome
this type of resistance. Nude mice bearing NSCLCs with
amplification of MET gene and wild-type EGFR were sub-
jected to 18F-FLT PET before and after treatment with esca-
lating doses of the MET inhibitor crizotinib or erlotinib.62 An
early and significant decrease of 18F-FLT uptake was found
in tumors treated with crizotinib, whereas no significant
reduction of tracer uptake was observed in animals treated
with erlotinib (Fig. 2B). These imaging findings indicated the
reversal of MET-mediated resistance and were confirmed by



Figure 2 Monitoring reversal of drug resistance by 18F-FLT and 18F-FDG PET-CT. Representative transaxial PET images
obtained from untreated and treated animals bearing resistant NSCLC harboring T790M mutation (H1975) (A, C) and
MET amplification (H1993) (B, D). Mice were subjected to 18F-FLT PET-CT (A, B) or 18FDG PET-CT scan (C, D) at
the baseline and after 3 days treatment with the following inhibitors: erlotinib, a reversible EGFR inhibitor; WZ4002,
an irreversible EGFR inhibitor recognizing T790M mutant EGFR; crizotinib, a potent MET inhibitor. No changes or
even an increase of 18F-FLT uptake were observed after treatment with erlotinib confirming that tumors were resistant
to this inhibitor. Conversely, both H1975 and H1993 xenografts showed a prompt reduction of 18F-FLT uptake after
treatment with WZ4002 or crizotinib, respectively. An increase of 18F-FDG uptake was found in H1975 tumors after
treatment with erlotinib, whereas a reduction of tracer uptake was observed in response to WZ4002. Conversely, in
H1993 xenografts, 18F-FDG uptake was reduced in response to both erlotinib and crizotinib. Modified from ref.77.
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the results of Ki67 staining of tumor sections that showed a
significant decrease of the rate of proliferation in response to
MET inhibitor but not to erlotinib.
As mentioned, caution should be used when interpreting

18F-FDG scans performed very early in the course of treatment
of resistant tumors with new reversal agents. Animal models of
T790M- and MET-mediated resistance of NSCLC to EGFR
TKIs were subjected to 18F-FDG PET-CT scan before and
3 days after treatment with erlotinib, WZ4002 (targeting
T790M mutation), crizotinib (targeting MET), or vehicle.77 In
models of T790M-mediated resistance, 18F-FDG PET-CT
scans showed reduction of 18F-FDG uptake after treatment
with WZ4002, whereas an increase of 18F-FDG uptake was
observed after treatment with erlotinib or vehicle. Conversely,
in models of MET-mediated resistance, tumors showed a
reduction of 18F-FDG uptake after treatment with both crizoti-
nib and erlotinib as well as an increase of tracer uptake in vehi-
cle-treated animals. These findings indicated that 18F-FDG
uptake is a reliable imaging biomarker of T790M-mediated
resistance and its reversal in NSCLC, whereas it may not be
accurate in the detection of MET-mediated resistance.
Figure 2C and D shows representative images of 18F-FDG
PET scan performed in animal models of T790M- and MET-
mediated resistance to erlotinib treated with agents designed
to overcome resistance.

Amplification or a mutation in genes of signaling media-
tors along the pathways driven by the oncoprotein is another
adaptive mechanism causing resistance to targeted agents.
For instance, BRAF mutations in the MAP kinase pathway
cause resistance to EGFR inhibitors.105 In a different cellular
context, unresponsiveness of colon cancer to BRAF (V600E)
inhibition is caused by a rapid feedback activation of EGFR
that triggers continued proliferation even when BRAF
(V600E) is inhibited.106 This type of resistance can be cir-
cumvented by combining the inhibitor of the oncogene
driver and the inhibitor of the adaptive mechanism. In this
context, preclinical imaging can help to identify the best
combination of drugs for a given mechanism of resistance.
Combined Therapies
The simultaneous inhibition of multiple signaling pathways
emerged as a potentially effective strategy to obtain a durable



Figure 3 18F-FLT PET-CT for detection of drug synergy after combined therapies. Representative coronal fusion 18F-
FLT PET-CT images of mice bearing H1993 xenografts obtained at baseline and after 3 days treatment with erlotinib
and crizotinib alone or in combination at a cumulative dose of 50 mg/kg (A) and 100 mg/kg (B). Treatment with erloti-
nib did not cause any change of 18F-FLT uptake in tumors, whereas treatment with crizotinib showed a strong reduc-
tion of tracer uptake in xenografts. When combined treatment was administered to animals at cumulative doses
equivalent to that of single agents, tumors showed a strong 18F-FLT uptake reduction comparable to that caused by cri-
zotinib alone at twofold higher dose as compared to combination indicating a drug synergy. (C) Percentage variations
of 18F-FLT uptake in H1993 tumor-bearing animals in response to treatment with single agent or with escalating dose
of combined treatment. #, P < 0.05 combined treatment vs 50 mg/kg crizotinib. (D) Percentage of positive cells at
Ki67 staining of tumor sections (x, P < 0.05 combined treatment vs 100 mg/kg crizotinib; y, P < 0.05 combined treat-
ment vs 50 mg/kg crizotinib). Modified from ref.107.
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targeted therapeutic control of cancer in individual patients.
The rational combination of two or more selective inhibitors
is based on genomic profiling of single tumors or circulating
tumor cells that may identify the oncogene driver and other
key signaling mediators causing tumor relapse. Patient-
derived xenografts or organoids may constitute an alternative
in the future. In fact, growing tumor xenografts or organoids
from single patient biopsies may allow to test the sensitivity
of individual patients to targeted agents alone or in combina-
tion. In this context, preclinical imaging studies were per-
formed to test whether noninvasive imaging with
radiolabeled probes can detect the combined effects of tar-
geted agents in animal models with a specific genetic signa-
ture. In these studies, the experimental design is challenging
and several issues need to be addressed including the choice
of the model, the selection of targeted agents, the starting
dose of each drug and the cumulative dose of the
combination, drug scheduling, toxicity of drug combination,
the statistic power of the study, and validation of the results.

Imaging studies with 18F-FLT PET-CT were performed in
a model of NSCLC harboring MET amplification and wild-
type EGFR, before and after treatment for 3 days with erloti-
nib and crizotinib alone or in combination.107 Two dose reg-
imens were used at 50 mg/kg and 100 mg/kg and the
combination of the two agents was performed using a con-
stant dose ratio of 1:1 so that the combined dose was equiva-
lent to that of the single agent. Imaging studies showed a
significant reduction of 18F-FLT uptake in response to com-
bined treatment with EGFR and MET inhibitors that was
higher than that obtained with single agents (Fig. 3). Imaging
findings were confirmed by Ki67 immunostaining on sec-
tions of surgical excised tumors and by analysis of signaling
mediators in untreated and treated tumors. Furthermore,
this study highlighted the role of inositol triphosphate
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receptor type 3 and its interaction with K-Ras in the enhance-
ment of the effects of drug combination.
In another study, proliferation and apoptosis were evalu-

ated with 18F-FLT and 18F-ICMT-11, respectively, in nude
mice bearing T790M resistant NSCLC after treatment with
vehicle, cetuximab alone or in combination with gemcita-
bine.108 18F-FLT uptake was significantly decreased after
treatment with cetuximab, whereas 18F-ICMT-11 was
slightly increased after repeated doses of cetuximab. No sig-
nificant variations of both 18F-FLT and 18F-ICMT-11 uptake
were observed in animals treated with cetuximab alone as
compared to those receiving drug combination with gemcita-
bine indicating the lack of a significant therapeutic benefit in
combining gemcitabine with an effective dose of cetuximab.
A different imaging approach was used for testing the

sequential combination of capecitabine and trifluridine/tipir-
acil in colon cancer.109 Capecitabine causes its anticancer
effects through inhibition of thymidylate synthase resulting
in an upregulation of thymidine salvage pathway. Trifluri-
dine is a thymidine analogue that enters cancer cells through
the salvage pathway and when phosphorylated by thymidine
kinase 1 can exert its cytotoxic action. Imaging with 18F-FLT
PET was performed before and after 2 and 4 days of treat-
ment with capecitabine. 18F-FLT uptake was increased on
day 2 and showed a distinguishable decline on day 4 in all
sensitive xenografts. No changes of 18F-FLT uptake were
observed in two resistant xenografts, whereas two additional
resistant models showed a continuous increase of 18F-FLT
uptake on days 2 and 4. A synergy of the sequential drug
combination was found only in mice showing an increased
18F-FLT uptake after capecitabine treatment.
In a genetically engineered mouse model of NF1 mutant

malignant peripheral nerve sheath tumors, simultaneous treat-
ment with mTORC1 and MEK inhibitors showed an
enhanced antitumor activity as compared to the effects of sin-
gle agents and induced tumor regression.110 NF1 mutations
drive tumorigenesis through hyperactivations of RAS/RAF/
MAPK and PI3K/AKT pathways. In the attempts to identify a
pharmacodynamic marker of effective suppression of these
pathways, the transcriptional profiles of tumors treated with
vehicle, single agents, and drug combination were examined,
and GLUT1 was identified as one of the uniquely suppressed
gene in animals receiving drug combination. Imaging studies
with 18F-FDG performed before and 40 hours after treatment
with drug combination showed a significant reduction of 18F-
FDG uptake as compared to controls that included animals
treated with vehicle and single agents.
Targeting Immune Checkpoints
Immune checkpoint blockade has emerged as a new thera-
peutic option in cancer treatment showing long-term durable
responses in a subset of patients within a broad range of
malignancies including melanoma, non�small cell lung can-
cer, and urothelial cancer. The targets of this therapeutic
approach are not the oncogene drivers orchestrating prolifer-
ation and survival of cancer cells but the drivers of immune
evasion of cancer cells. Recognized drivers of immune eva-
sion of cancer cells are programmed death-1 (PD-1), pro-
grammed death-1 ligand (PD-L1), and cytotoxic T-
lymphocyte antigen 4 (CTLA-4). Inhibition of these immune
checkpoints by specific antibodies restores the ability of T
cells to recognize and destroy tumor cells. However, not all
patients respond to immunotherapy and the accurate selec-
tion of patients that can benefit from this therapeutic
approach may be challenging. Several potential biomarkers
have been proposed including the pre-existence of CD8+
tumor-infiltrating lymphocytes, intratumoral PD-L1 expres-
sion, and mutational load but none of them can be consid-
ered an absolute selection criterion for therapy. For instance,
elevated levels of PD-L1 in tumor biopsies were associated
with increased response to immunotherapy in melanoma,
NSCLC, and bladder cancer but not in squamous head and
neck and renal cell carcinoma.111 Furthermore, objective
tumor response was also observed in a certain percentage of
patients with PD-L1 negative tumors. Noninvasive imaging
using antibody-based tracers recognizing immune check-
points has the potential to detect and quantify the expression
of these targets providing an imaging biomarker for patient
selection and monitoring. This approach already reached the
clinical stage with the first-in-human study using 89Zr-atezo-
lizumab in 22 patients with locally advanced or metastatic
bladder cancer, non�small cell lung cancer or triple-negative
breast cancer.112 Tracer uptake was observed in tumor
lesions and in lymphoid organs such as spleen and nonma-
lignant lymph nodes and corresponded to PD-L1 expression
both in tumors and in various normal lymphoid tissues. Fur-
thermore, tracer uptake was a strong predictor of response to
atezolizumab treatment in terms of progression-free survival
and overall survival.

This clinical approach was made possible by several pre-
clinical studies that tested the ability of whole antibodies,
engineered antibody fragments, and protein binders to target
immune checkpoints in animal tumor models.113�115 In
these studies, PD-L1 was the most extensively studied target
since it is expressed on the surface of tumor cells and antigen
presenting cells. It should be noted that targeting immune
checkpoints in animal models required great efforts and
posed several challenges. For instance, when targeting PD-
L1, the choice of the model, syngeneic or xenografts, may
alter the biodistribution of the tracer due to its species speci-
ficity against the target. When immunocompetent mice are
used, murine tumor cell lines should be inoculated and anti-
body-based tracers should have a murine origin. This may
limit the transfer of knowledge from preclinical studies to
clinical trials. Furthermore, caution should be used in com-
petition experiments with in vivo administration of excess
cold murine antibody since high doses of immunocheck
point inhibitors may have major adverse effects. In the
attempts to overcome some of these limitations, imaging
studies were also performed in humanized mice that are
obtained by transplanting human CD34+ hematopoietic
stem cells in myeloablated recipient mice. Despite all these
difficulties, preclinical studies were important to test the
selectivity of the binding of new tracers and to prove the
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concept that it is feasible to visualize the expression of
immune checkpoints.
Conclusions
Preclinical imaging became a key tool in the translational
process moving newly developed targeted anticancer agents
from discovery to clinical applications. Remarkable efforts
have been made for the development and validation of radio-
labeled probes targeting oncogene drivers of specific tumors
allowing the use of these tracers to identify patients who can
benefit from treatment. Preclinical imaging studies tested the
effective inhibition of the target and its downstream path-
ways by evaluating early changes in drug-modulated pro-
cesses allowing the identification of sensitive and resistant
tumors. Finally, previous studies provided evidence that pre-
clinical imaging can monitor the reversal of drug resistance
by targeted agents specifically designed to overcome resis-
tance. In conclusion, preclinical imaging by intervening in all
clinically relevant steps of targeted cancer therapies may con-
tribute to accelerate clinical approval of targeted agents and
provide imaging biomarkers for patient selection, early moni-
toring of drug effects, and reversal of drug resistance thus
complementing the role of molecular, genetic, and histopath-
ologic tests.
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