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Abstract

The goal of individualized and targeted treatment and precision medicine requires the assessment
of potential therapeutic targets to direct treatment selection. The biomarkers used to direct
precision medicine, often termed companion diagnostics, for highly targeted drugs have thus far
been almost entirely based on in vitro assay of biopsy material. Molecular imaging companion
diagnostics offer a number of features complementary to those from in vitro assay, including the
ability to measure the heterogeneity of each patient’s cancer across the entire disease burden and
to measure early changes in response to treatment. We discuss the use of molecular imaging
methods as companion diagnostics for cancer therapy with the goal of predicting response to
targeted therapy and measuring early (pharmacodynamic) response as an indication of whether the
treatment has “hit” the target. We also discuss considerations for probe development for molecular
imaging companion diagnostics, including both small-molecule probes and larger molecules such
as labeled antibodies and related constructs. We then describe two examples where both predictive
and pharmacodynamic molecular imaging markers have been tested in humans: endocrine therapy
for breast cancer and human epidermal growth factor receptor type 2—targeted therapy. The review
closes with a summary of the items needed to move molecular imaging companion diagnostics
from early studies into multicenter trials and into the clinic.

Introduction

The goal of individualized and targeted treatment—often termed precision medicine—
requires the assessment of potential therapeutic targets to direct patients to those treatments
most likely to be effective.l A closely related need is the ability to measure the effect of the
drug on the target and the underlying disease process to determine whether the selected
therapy is likely to be effective. Both types of indicators can be broadly classified as disease
biomarkers.1:2 Biomarkers that are highly specific to a particular target or therapy are often
called companion diagnostics and typically measure the therapeutic target itself or closely
related partner molecules. Such markers fall under the general heading of predictive
biomarkers.1:3 Biomarkers that measure the effect of the treatment on the disease process are
often termed as response biomarkers, and the class of these markers apropos to measuring
early drug action on the target is often termed as pharmacodynamic (PD) markers.1:3 PD
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markers measure downstream effects of the drug on the cancer cell and on the disease. In
this review, we consider the application of molecular imaging to precision medicine—
specifically to cancer treatment—as a companion diagnostic for selecting targeted cancer
therapy. We provide an overview of molecular imaging as a companion diagnostic for
targeted cancer therapy, discuss the approach to developing imaging probes for predictive
and PD markers, and then highlight two examples of molecular imaging: endocrine therapy
for breast cancer and human epidermal growth factor receptor type (HER2)-targeted
treatments.

A model for using predictive and PD markers to guide targeted cancer therapy is illustrated
in Figure 1. In this approach, individualized treatment selection is considered in two steps:

1. What therapeutic targets are present?

2. Does a selected treatment directed to one or more of the therapeutic targets have an
effect on the cancer?

How can imaging aid this approach? For cancer, the identification of therapeutic targets is
typically done by in vitro assay of biopsy material. Advances in methods to assess tumor
genomics, gene expression, and protein expression provide an increasingly comprehensive
characterization of each patient’s cancer and the identification of possible therapeutic targets
for each patient.# Imaging is unlikely to replace biopsy and in vitro assay in the initial
assessment for treatment targets for newly diagnosed cancer as imaging measures only up to
a few therapeutic targets, whereas assay of biopsy material can screen for many targets at the
same time. However, imaging has a unique ability to measure the regional heterogeneity of
target expression, especially in patients with advanced disease where target expression may
vary from site to site. In this case, biopsy of a single site may not be representative of the
entire burden of disease. Thus imaging can play a complementary role to biopsy in assessing
target expression.

Molecular imaging can play an even more important role as a PD marker and has some
significant advantages over other existing approaches.® The noninvasive nature of imaging
facilitates the repeat measurements needed to assess response. Imaging avoids the challenges
(sampling error, patient comfort, and risk of complications) associated with serial biopsy to
assess response. Molecular imaging also has significant advantages over other forms of
largely anatomically based imaging in that it can quantify specific molecular processes
likely to be affected early after the initiation of drug treatment—for example, tumor
proliferation—long before anatomical changes can be detected.5:

The Approach to Probe Development for Imaging Companion Diagnostics

Predictive Markers

Predictive markers designed to measure the expression of a therapeutic target require
molecular imaging probes that are highly specific to the target. Traditionally these probes
have been small molecules that target receptors, transporters, or enzymes with high affinity
and selectivity, while at the same time having sufficiently rapid clearance from tissue not
expressing the target to allow visualization of binding at the target by PET or SPECT.8

Semin Nucl Med. Author manuscript; available in PMC 2016 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mankoff et al.

Page 3

Perhaps, the earliest example of a radionuclide imaging predictive marker is the use of
radioiodine imaging as a companion diagnostic for 11|~ therapy.® Here, the uptake and
retention of 1231~ or a diagnostic dose of 1311~ provides a reliable indicator of those patients
who are likely to respond to 1311, and perhaps more importantly the absence of uptake in
disease of sufficient size to be visualized by diagnostic imaging indicates a low likelihood of
therapeutic success with 131179 More recent examples of predictive markers include the use
of small-molecule ligands labeled with 18F for PET imaging of steroid receptor expression
in breast and prostate cancer.10-12 peptide ligands have also been successful, most notably
using somatostatin analogs labeled with 1111n or 68Ga to provide specific markers for
neuroendocrine tumors and to guide therapy targeted to the somatostatin receptor, including
radionuclide therapy.13 In addition to receptors, small-molecule predictive imaging agents
may target enzymes (eg, 18F-5-fluorouracil as a measure of thymidylate synthase activityl4)
and transporters (eg, °™Tc-sestamibi and 11C-verapamil to measure activity of the P-
glycoprotein drug efflux transporter'>17). Probes may even target the tumor
microenvironment—for example, the use of PET hypoxia imaging agents to identify patients
most likely to respond to hypoxia-selective chemotherapy.18

Although small-molecule predictive markers have many attractive features, the complex
structure-function relationships for highly specific probes require considerable investment of
time and effort in the development of labeled probes that meet the needs of PET and SPECT
imaging for high-affinity and highly specific binding. Although some success has come with
the approach of using labeled therapeutic drugs to image drug targets, desirable properties of
therapeutic drugs often do not lead to good imaging agents. For example, prolonged
circulation time is an attractive feature of a therapeutic drug to limit dosing frequency, but
diagnostic imaging agents need rapid clearance to be able to separate sites of probe retention
from nonspecific background uptake. As such, there are a relatively limited number of
small-molecule predictive markers that have made it to human trials, let alone clinical
practice.1® The increasing use of monoclonal antibodies and immune-base target recognition
in both in vitro diagnostics (eg, immunohistochemistry [IHC]) and cancer therapy (eg,
therapeutic antibody-based drugs such as trastuzumab) has led to renewed interest in
imaging using labeled antibodies and related molecules.20 Early efforts using SPECT-
labeled intact antibody probes provided a proof of principle, but required prolonged
clearance times after administration, resulted in poor image contrast, and had highly variable
diagnostic performance.29 Despite some early enthusiasm, only very limited use of SPECT
antibody imaging survives in current clinical practice. Several recent factors have
contributed to a resurgence of interest in immune-based diagnostic imaging probes using
PET. These include the more widespread availability of PET isotopes with long half-lives
that are suitable for PET antibody imaging such as 1241 and 89Zr, providing the advantages
of PET but also the longer half-life needed for clearance of labeled antibodies.2® This comes
at the same time as that of significantly improved capabilities for PET instruments,
especially those with time-of-flight capability, to provide good quality images at the
relatively low imaging count rates2! that arise in labeled antibody imaging, which is
constrained to lower administered activity for the probes (owing to their long half-life and
increased radiation burden). In addition, the development of alternative molecules—such as
antibody fragments, diabodies, and affibodies—offers more rapid probe clearance and the
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ability to use short-lived isotopes while retaining the specificity of antibody recognition.22
These factors make the use of PET-labeled antibodies and related constructs a rapidly
advancing and increasingly investigated approach for the development of companion
diagnostics.20:22

PD markers have the goal of measuring the effect of targeted therapy on the target and
downstream processes in the cancer cell early after administration of the drug. A positive
response, indicated by a significant change in the marker after the therapy, indicates an effect
of the drug on the target. Perhaps, more importantly, the lack of a change in the marker
implies no effect of the drug on the target and cancer cell, indicating likely therapeutic
futility. Ideally, companion diagnostic therapeutic markers target processes that are tightly
coupled to the therapeutic target—for example, the binding of a ligand to a targeted receptor
to provide a PD marker that is highly specific to the target.23-2° In practice, however, the
long pathway from bench to bedside for molecular imaging agents favors the development of
a more limited set of PD markers that are more universally applicable for measuring early
cellular and disease responses. To retain broad relevance to a variety of therapies, such
markers generally target relatively downstream markers of cancer response such as cellular
proliferation, cell death, or other key cellular process such as metabolism. The most
successful agents to date have been small molecules labeled with relatively short-lived
positron emitters that have sufficiently rapid clearance to provide high-quality quantitative
imaging data at relatively low radiation burdens.

The most widely used molecular imaging PD agent thus far is 18F-FDG.26-28 |t has a
number of attractive properties that include the fact that glucose metabolism is a key process
in cancer cells that is downstream of many therapeutic targets. FDG is widely available as a
clinical imaging agent and is a key component of cancer staging and restaging for many
cancer types?? and approaches to quantifying glucose metabolism using FDG-PET have
been developed and widely implemented.3? A number of studies have indicated the ability of
FDG to measure the response to a variety of treatments that include cytotoxic
chemotherapy,28 endocrine therapy,31:32 and tyrosine kinase inhibitors.33 However, FDG has
some disadvantages as a PD marker. Glycolysis is not specific to cancer; it is also associated
with potentially confounding processes such as inflammation.2’ For example, the early
inflammatory and reparative response to radiation has been blamed for the failure of FDG-
PET as an early PD marker for radiotherapy. In addition, not all cancers have elevated rates
of glycolysis sufficient to enable FDG as a PD marker. Finally, the complex cellular
regulation of glycolysis and the many cellular inputs that determine glycolytic rate can
confound the interpretation of a change in FDG uptake with treatment. For example, a prior
study using FDG as a PD marker for mTOR-directed therapy found that although the
therapy seemed to affect FDG uptake, the change in FDG uptake did not predict subsequent
clinical response.34 These limitations of FDG as a PD marker have led to a search for other
markers that monitor other processes apropos to use as cancer PD markers.

A highly promising set of PET PD markers measure tumor proliferation.3® Aberrant cellular
proliferation is a hallmark of cancer3® and a decline in cellular proliferation is an early event
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in successful anticancer therapy that occurs in both cytotoxic and cytostatic therapies.3” The
use of cellular proliferation assays—specifically Ki-67—to measure early response in serial
biopsy has been shown to be highly predictive of subsequent clinical response and
outcomes.38 The most successful approach for proliferation imaging agents to date is to
measure flux through the exogenous or salvage pathway of thymidine incorporation into
DNA. This approach is based on early studies that used 3H- and 14C-labeled thymidine
probes to measure cellular proliferation in vitro in efforts dating back to the 1950s.39 In the
1990s, work with 11C-thymidine PET demonstrated the potential of labeled thymidine as a
cellular proliferation agent, demonstrating an even more robust ability to measure early
response to chemotherapy than that of FDG-PET.8 Subsequent research focused on the
development of less heavily metabolized, 18F-labeled thymidine analogs, of which the most
successful to date has been 18F-fluorothymidine (FLT).3540 Early studies have shown that
FLT measures response to both cytotoxic and cytostatic agents early in the course of
therapy,#142 and these findings have been supported by recent multicenter studies.43
Alternative proliferation agents targeted to other measures of proliferation have also been
developed and tested. For example, agents targeted to the sigma-2 receptor, a receptor that is
upregulated in actively cycling cells, have shown promise for measuring cellular
proliferation by a method independent of the thymidine analogs and may offer advantage in
their ability to image both cellular proliferation and quiescence.#44°

Imaging agents can be targeted to other processes that are markers of cancer therapeutic
response, and some of these processes have also been exploited for the development of
imaging PD markers. Cellular death is an important outcome of cytotoxic treatments.
Imaging agents targeted to molecules exposed or activated during apoptosis, a form of
cellular death important in cancer therapeutic response, have been developed and undergone
early testing. Examples include agents targeted to annexin V, an inner cellular membrane
molecule associated with apoptosis*® and probes of the caspase system, which is activated in
most processes leading to apoptosis.*647 Diffusion MRI has also been touted as a marker of
cell death; an increase in free water diffusion, as measured by diffusion-weighted imaging,
has been shown to correlate with a decline in tumor cellularity in early responses to
treatment.%8 A variety of other imaging PD markers for cancer continue to be developed.

Example 1: Molecular Imaging Companion Diagnostics of Endocrine

Therapy for Breast Cancer

The physiology of sex steroids, in particular estrogens and progestins, is important for
mammary gland development and function, and is also a key component of breast cancer
pathogenesis and growth. Interruption of steroid hormone growth signal, often termed
endocrine therapy, is one of the most important therapeutic strategies for treating breast
cancer. Determination of the status of hormone receptors, both the estrogen receptor (ER)
and progesterone receptor (PR), in patients with breast cancer is an important and well-
accepted companion diagnostic for endocrine therapy, as tumor expression of ER (or PR or
both) is necessary for endocrine responsiveness.*%:50 Most of the newly diagnosed breast
cancers are ER positive.5! Currently, the most commonly used method to assess hormonal
receptor status, including the ER, is assay of biopsy material using IHC.52:53 Imaging of the
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ER is an excellent example of how imaging companion diagnostics may be complementary
to tissue-base diagnostics, including the potential for serial evaluation, the ability to measure
receptor expression in the entire disease burden, to characterize heterogeneity, and to
measure ER expression in sites that are challenging to biopsy and assay such as bone.54-56

Current PET ER imaging agents are analogs of estradiol. Important tracer properties include
specific and high affinity for the ER as well as affinity for sex hormone-binding globulin
(SHBG) (a sex steroid transport protein) that is close to estradiol.>” The most successful
hormone receptor imaging agent to date is the ER imaging radiopharmaceutical 16a.-[18F]
fluoro-17p-estradiol (FES).58 The binding characteristics of this positron-emitting
radiopharmaceutical are similar to estradiol for both the ER and SHBG,® making it an
excellent marker of ER expression. Like estradiol, most of FES within the blood is bound to
protein, primarily SHBG and albumin, and the exact ratio depends on the concentration of
SHBG.60-62 As with any other steroid, FES is metabolized by the liver.60 Studies in both
animal models and humans demonstrate that blood clearance and metabolism of FES is very
rapid®0.61: after 2 hours, most of the remaining activity in both blood and nontarget tissues is
due to metabolites. Human studies demonstrated a predominance of metabolites (mainly
glucuronide and FES sulfate51) over unmetabolized FES by 20-60 minutes after injection.
Although these radiolabeled blood metabolites persist, declining only slowly after 30
minutes, they do not readily bind to SHBG or penetrate the cell to bind to the nuclear
receptor1:62: thus, they do not contribute significantly to target tissue uptake, and delayed
imaging beyond 30 minutes offers good visualization of ER-rich tissues.t!

Studies have validated FES-PET as a marker of ER expression in studies that compared FES
uptake in patients to tumor assay of ER expression of biopsy material by both radioligand
binding®3 and IHC84 (Fig. 2). Using a minimum standard uptake value (SUV) of 1.1 as the
cutoff for determining ER-positive tumors, a concordance rate of 94% was found between
IHC results and FES uptake.54 These early studies established FES-PET as a quantitative
measure of regional ER expression. Further studies demonstrated the ability of FES-PET to
assess ER expression in multiple sites of disease, including axillary lymph nodes and distant
metastases, 10 and also demonstrated concordance between FES uptake and in vitro ER
status.24

A significant advantage of ER imaging over tissue biopsy is the ability to assess site-to-site
heterogeneity of ER expression in patients with metastatic breast cancer and multiple sites of
disease.10:56:65 Thus, imaging is able to shed some light on patterns of ER expression not
possible in biopsy-based studies. For example, studies showed that in patients with
metastatic disease from a documented ER-expressing primary, there was significant
interpatient variation and more modest intrapatient variation of FES uptake.10:56 This
implies that loss of ER expression may precede disease dissemination in many cases. The
ability to identify significant intrapatient variation, when it occurs, by imaging can direct
tissue sampling to better understand the determinants of ER loss in previously ER+ disease.
Imaging may also help shed light on the functional characteristics of ER mutations,
increasingly recognized in resistant breast cancer.56
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The most clinically relevant role for FES-PET is as a predictive biomarker for breast cancer
endocrine therapy responsiveness. Studies have supported the level of FES uptake as a
predictive marker for response to endocrine therapy with selective ER modulators or
aromatase inhibitors in both first-line and salvage therapy settings.25:31.56.67 Studies to date
suggest that patients with baseline tumor FES SUV values less than 1.5 are unlikely to
benefit from endocrine therapy, whereas a baseline SUV more than 1.5 predicts a clinical
benefit in some patients, including endocrine-refractory breast cancer.2556.67.68 A recent
study showed similar results for endocrine-refractory patients treated with estradiol.59
Further prospective studies are needed to validate these early findings.”® Although the
absence of FES uptake indicates a low likelihood of response, the presence of FES uptake
does not guarantee endocrine responsiveness. This is analogous to tissue assay for ER where
absent ER reliably predicts a lack of endocrine responsiveness, but a positive assay predicts
response less reliably.

Serial FES-PET may serve as a PD marker for ER blockade in endocrine therapy.2° In a
study of women undergoing tamoxifen treatment of locally advanced or metastatic breast
cancer, serial FES demonstrated early ER blockade after 7-10 days of treatment with
tamoxifen. The percentage decrease in FES uptake was greater in patients who ultimately
had a clinical response than in those patients who did not have disease response.2> A later
study compared FES uptake changes in patients treated with tamoxifen vs fulvestrant.
Although both ER blocking therapies were effective in decreasing FES binding in both the
tumor and uterus (as measured by percent SUV decrease), only tamoxifen reliably produced
complete blockade by both qualitative and quantitative measures,23 consistent with later data
indicating that higher doses of fulvestrant were more effective.”! Recent studies have also
used serial FES-PET to determine the adequacy of receptor blockade in other trials of
estrogen-blocking drugs.’?

As illustrated in Figure 1, in addition to determining target expression, imaging companion
diagnostics should also indicate whether drugs directed at the target have an effect on the
cancer that is likely to produce a treatment response. Data suggest that early serial FDG-
PET/CT may predict breast cancer response to endocrine therapy. The early study of
Mortimer et al?> showed that presence of the early tamoxifen agonist “flare” effect,
measured as an increase in FDG uptake 7-10 days after starting tamoxifen, predicted later
response. A related study by Dehdashti et al3! used an estradiol challenge, where an increase
in FDG uptake 24 hours following estradiol administration was predictive of response to
either an aromatase inhibitor or fulvestrant. The metabolic response measured by FDG-PET
was also associated with significantly longer overall survival, independent of the type of
endocrine therapy.3! FDG-PET may also be able to indicate early response to endocrine
drugs that work by lowering estrogen levels such as aromatase inhibitors. Kurland et al32
found that a significant decline in FDG SUV (greater than or equal to 20%) after 2 weeks of
aromatase therapy was associated with low post-therapy proliferation, as measured by Ki-67
in tumor biopsy specimens.

Studies based on serial biopsy show that successful endocrine therapy results in a decline in
tumor proliferation, a well-known downstream effect of blocking estrogen-ER binding in
ER-expressing cancers, as measured by Ki-67 assay of biopsy material.”3 The basis of
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increased FDG uptake in response to ER stimulation (or decreased FDG uptake with
estrogen withdrawal) has therefore been assumed to also be on the basis of cellular
proliferation. However, some preclinical experiments suggest that an alternative process may
underlie the metabolic flare. For example, the results of Ko et al’# suggest that estradiol
augments FDG uptake in ER+ breast cancer cells via increased glycolysis and hexokinase
activity and is mediated by nongenomic membrane-initiated action. This has motivated the
use of PET proliferation tracers such as FLT to measure early breast cancer response to
endocrine therapy, with promising early results.”® Further study of this promising area is
warranted, especially with the recent addition of cell-cycle-targeted drugs to the
compendium of drugs used in ER-expressing breast cancer.”®

Example 2: Molecular Imaging Companion Diagnostics for HER-2 Targeted

therapy

HER?2 is a member of the tyrosine kinase receptor family and has been recognized as a key
driver of breast cancer growth in breast cancers that overexpress this protein, approximately
15%—25% of newly diagnosed invasive breast cancers.’’ Besides conferring a more
aggressive phenotype, studies have demonstrated that overexpression of HER2 results in
impaired response to both hormonal therapy via crosstalk with the ER78-81 as well as some
forms of cytotoxic chemotherapy regimens.8182 The development of HER2-targeted
therapies, first accomplished by a HER2-targeted antibody (trastuzuamab), was one of the
more significant breakthroughs in breast cancer treatment,’’-83-85 |eading to a marked
increased in therapeutic response and a decline in the mortality for patients with HER2-
overexpressing tumors.8¢ The range of drugs targeting HER2 has increased and includes
small molecules targeted to the downstream kinase (eg, lapatinib), antibody-drug conjugates
(eg, trastuzumab emtansine), and drugs targeted to related HER-family receptors (eg,
pertuzumab).87:88 Akin to ER and PR, measurement of HER2 expression by in vitro assay of
biopsy or surgical specimens has become an important and routinely assessed companion
diagnostic for breast cancer, typically by IHC or fluorescence in situ hybridization.”” As
with imaging ER expression, imaging HER2 may offer some complementary advantages to
biopsy-based assays. HER2-positive breast cancer is a heterogeneous disease, with
intratumoral and intertumoral heterogeneity by IHC as high as 13% and 30%, respectively.8®
A study found a therapeutically significant discordance of HER2 status between the primary
tumor and metachronous recurrence or metastasis of 21.5%.%0 These factors have supported
research in HER2 PET imaging for breast cancer and other diseases.

As the importance and nature of the binding ligand for HER2 is uncertain, most of the work
to date to image HER2 expression is based on immune recognition. Labeled anti-HER?2
immune-based agents tested for imaging include full immunoglobulins (trastuzumab and
pertuzumab), immunoglobulin fragments, and novel constructs such as affibodies (Fig.
3).91-93 Some agents are radiolabeled with single-photon radionuclides (111In-labeled
trastuzumab) whereas others are labeled with positron-emitting radionuclides for PET
(84Cu-trastuzumab, 84Cu-DOTA-ZgRr2-477, $8Ga-trastuzumab F (ab?), fragments, 88Ga-
ABY-002, and 89Zr-trastuzumab).91-94
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Many of the earliest studies used labeled intact antibodies, but success was quite variable for
single-photon-emitting isotopes such as 1311 or 111|n. PET imaging using 89Z-trastuzumab-
PET has shown more promise, offering good visualization of HER2-expressing sites in
patients with meta-static disease.%2 $4Cu-DOTA-trastuzumab PET also showed promising
results in early trials.%®

The slow clearance of intact antibodies requires prolonged intervals from injection to scan
and longer-lived labels, leading to logistic challenges and increased radiation doses. These
considerations have spurred the development of HER2-imaging agents using smaller
molecules that retain immune-recognition capabilities. These molecular probes include
antibody fragments, and special constructs such as diabodies and affibodies.22:93 Smith-
Jones et al%:97 demonstrated the ability to image HER2 expression in preclinical models
using 88Ga-labeled Fah? fragments. This was extended to patients in an early clinical study
demonstrating the feasibility of the approach.98 Several groups have also tested affibody
molecules to image HER2.91:99 |n an example, a group at the NIH using an 18F-labeled
affibody, A:[2-(4-18F-fluorobenzamido)ethyl] maleimide (18F-FBEM)-Z HER2.345,1%0 in
mice xenografts found that tracer uptake correlated with HER2 receptor expression as
assessed by IHC. Affibody-based HER2 imaging using a 58Ga-labeled or 111In-labeled
construct (DOTA[0]-Z [HER2:342-pep2] [ABY-002])101 and another 111In-labeled construct
(1111n-ABY-025) have been extended to early human studies with promising early results.102

As with PET ER imaging, HER2-imaging agents can be used as PD markers for HER2-
related therapy. This has been demonstrated in preclinical models using drugs targeted to
HSP-90, a chaperone molecule important in mediating HER2 expression. Preclinical
imaging demonstrated decreased HER2 expression in response to HSP-90-targeted drugs in
studies using ®8Ga-labeled Fab® fragments and affibodies® ad 897r-trastuzumab.103 This
has recently been extended to early human trials, demonstrating the ability to measure
changes in HER2 expression by 89Zr-trastuzumab PET in response to an HSP90 inhibitor
(NVP-AUY922).104 This is a promising future application of HER2 imaging that merits
further study.

As in ER-targeted drugs, PD markers may play an important role as early response
indicators, predicting the likelihood of success of drugs selected to target HER2-
overexpressing breast cancers. As in endocrine therapy, FDG-PET has shown considerable
promise for the early assessment of HER2-targeted therapy in breast cancer. Following
initial studies that suggested utility of FDG in this patient population,105106 the prospective
Neo-ALTTO (Neoadjuvant Lapatinib and/or Trastuzumab Treatment Optimization) trial
enrolled women with HER2 breast cancer and compared rates of pathologic complete
response following anti-HER2 therapy to FDG metabolic response at 2 and 6 weeks after
treatment (Fig. 4). Metabolic responses were evident in the primary tumors after 2 weeks of
targeted therapy and were highly correlated with metabolic responses at 6 weeks. Pathologic
complete responses were associated with greater declines in FDG uptake (as measured by
maximum SUV) at both 2 and 6 weeks, indicating that FDG-PET/CT may identify patients
with increased likelihood of complete response after neoadjuvant treatment with anti-HER2
therapy.107 Similar findings were found in other multi-center trials conducted in the United
States and Europe.198-110 These studies, including the results of several multicenter trials,
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indicate excellent potential for serial FDG-PET as an integral marker to guide future HER2-
targeted treatment studies and possibly to help direct clinical use of HER2-targeted drugs.

A recent study also demonstrated the benefit of combining predictive and PD markers in
directing targeted therapy.111 The ZEPHYR trials include a combination of HER2-imaging
(89Z-trastuzumab-PET) and early serial FDG-PET as integrated markers in a study
comparing HER2-directed therapies. Data presented at the 2014 ASCO meeting indicated
that the presence or absence of HER2, as indicated by the predictive imaging marker (892-
trastuzumab-PET), and a response, as indicated by the PD marker (decline in FDG uptake on
serial PET), provided an essentially 100% accurate prediction of later clinical response to
HER2-directed therapy. This study represents an important future paradigm for using
imaging as cancer companion diagnostics and merits further study for drugs targeted to
HER2 and other cancer targets.

Summary and Future Directions

Early experience with molecular imaging predictive and PD markers suggests considerable
potential as companion diagnostics, complementary to diagnostics based on in vitro assay of
biopsy material, for guiding targeted cancer therapy. Studies have demonstrated the potential
for imaging agents to provide unique information as cancer biomarkers, including
quantification of the heterogeneity of target expression, detection of changes in target
expression with therapy, and facile measurement of early changes in processes downstream
of the target as an early indicator of drug efficacy. Early clinical trials of predictive markers,
PD markers, and combined predictive and PD markers all point to the great promise of
molecular imaging as cancer companion diagnostics. What is needed to move from these
early studies into larger clinical trials and clinical use? Key components of translation into
the clinic require the following112:113;

1. Standardized methods for image acquisition and analysis —early studies should
optimize approaches and develop standard methods for future use.

2. Determination of analytical validity—the accuracy and prediction of the imaging
tests as predictive or PD markers need to be determined. This includes validating
the relationship between imaging and target expression and measuring test and
retest variability.

3. Development of supply chain for novel imaging probes —probes would need to be
made available to other centers outside the few academic institutions that have done
early research in novel probes. This supply is likely to come from a hybrid supply
chain of both academic and commercial suppliers in early multicenter trials.

4. Use as integrated markers in therapeutic clinical trials—prospective integration in
therapeutic clinical trials using strict entry criteria, well-defined treatment
regimens, and preestablished clinical end points provides the optimal environment
for confirming utility of molecular imaging methods as companion diagnostics.
Such trials can also confirm quantitative interpretation criteria and measure
performance expectations for the use of imaging markers in directing therapy in
future clinical trials and clinical practice.
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5. Rigorous testing as integral markers in therapeutic trials —the ultimate test of
molecular imaging companion diagnostics—and the data needed to justify their
clinical use and reimbursement— come from well-designed and properly powered
studies testing the use of imaging as an integral marker that demonstrate an
improvement in therapeutic outcome with the use of imaging markers.

These goals are challenging and lofty but are justified by the promise of molecular imaging
studies as cancer therapy companion diagnostics and by early studies supporting their
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Figure 1.

Diagram illustrating potential roles for molecular imaging companion diagnostics as
predictive markers and as pharmacodynamic (PD) markers.

Semin Nucl Med. Author manuscript; available in PMC 2016 April 20.

Page 18



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mankoff et al.

Page 19

Patient B
Biopsy = ER-

Patient A
Biopsy = ER+
FES FDG

‘o

2 @
Estradiol Glucose
Binding Metabolism

Figure 2.
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Example of 18F-fluorestradiol (FES) PET to image the expression of the therapeutic target
(the estrogen receptor [ER]). Imaging examples are from 2 patients who underwent FES and
FDG scans before therapy. Left: patient A had mediastinal lesions appreciated by both FES
and FDG. Right: patient B also had mediastinal disease clearly seen by FDG-PET, not
visible on FES-PET. The core biopsy of a metastatic axillary lesion from patient A showed
ER-positive breast cancer, whereas the needle biopsy from a vertebral lesion from patient B
showed ER-negative breast cancer. (Adapted with permission from Peterson et al.68)
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Figure 3.
Imaging HER2 expression in breast cancer. The figure shows three examples of patients with

metastatic breast cancer arising from HER2-overexpressing tumors demonstrating the ability
of 89Zr-trastuzumab to image regional HER2 expression. (Adapted with permission from
Dijkers et al.93)
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Figure 4.
FDG-PET is a pharmacodynamic (PD) marker for HER2-targeted therapy in breast cancer.

Images of serial FDG-PET/CT scans performed as part of the Neo-ALTTO trial taken before
therapy (left), and after 2 weeks (middle), and 6 weeks (right) of HER2-targeted therapy.
Patient A (top row) had a metabolic response to treatment by FDG-PET and went on to
achieve a complete pathologic response to therapy. Patient B’s tumor (bottom row) did not
demonstrate a response by FDG-PET, and residual viable tumor was found at posttherapy
surgery. (Adapted with permission from Gebhart et al.108)
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