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Abstract
Targeted therapies hold great promise for cancer treatment and may exhibit even greater efficacy when combined with patient
selection tools. The clinical impact of identifying likely responders includes reducing the number of unnecessary and ineffective
therapies as well as more accurately determining drug effects. Positron emission tomography (PET) imaging using zirconium-89
radiolabeled monoclonal antibodies (mAbs), also referred to as zirconium-89 (89Zr)-immuno-PET, provides a potential biomarker
to measure target expression and verify optimal delivery of targeted agents to tumors. Antibody–drug conjugates (ADCs)
combine the high affinity and specificity of mAbs with the potency of cytotoxic drugs to target tumor-expressing antigen and
destroy cancer cells. Thus, 89Zr-immuno-PET of whole-body biodistribution, pharmacokinetics, and tumor targeting of antibodies
and ADCs to predict toxicity and efficacy could help guide individualized treatment. Here, we review how 89Zr-immuno-PET is
being used as a companion diagnostic with the development of ADCs. Furthermore, we discuss how 89Zr-immuno-PET may be
utilized in future clinical trials as an adjunct tool with novel ADCs to select cancer patients who have the greatest potential to
benefit from treatment and improve ADC dosing regimens.
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Antibody–Drug Conjugates

An Emerging Class of Cancer Therapeutics

Antibody–drug conjugates (ADCs), also referred to as guided

missiles or targeted warheads, are one of the fastest growing

classes of cancer therapeutics. Over the past decade, several

advances have been made to identify novel targets and improve

ADC stability and efficacy. Generation of a successful ADC

depends on four main components: the target antigen, antibody,

linker, and cytotoxic payload (Figure 1).1 These immunoconju-

gates utilize highly specific monoclonal antibodies (mAbs) to

deliver extremely potent cytotoxins (ie, subnanomolar half max-

imal inhibitory concentration values) to the tumor site through

antigen targets that are enriched on the cancer cell surface.2,3 A

covalent linker couples the cytotoxin to the mAb, providing sta-

bility and safety during systemic circulation by conferring a ther-

apeutic index to the cytotoxin and limiting off-target effects.3

To date, there are four ADCs that have gained regulatory

approval by the US Food and Drug Association (FDA) for

cancer treatment. Gemtuzumab ozogamicin developed by

Wyeth was the first ADC approved in 2000 for the treatment

of CD33+ acute myeloid leukemia.4 However, it was volunta-

rily withdrawn from the market in 2010 due to dose-related

toxicity but, after a postapproval study, was reintroduced into

the market by Pfizer in 2017. In 2011, brentuximab vedotin

(Adcentis, Seattle Genetics), which targets CD30, was

approved for the treatment of anaplastic large cell lymphoma

(ALCL) and Hodgkin lymphoma,5 followed by approval of

trastuzumab emtansine (T-DM1, Roche) in 2013 for the

treatment of human epidermal growth factor receptor 2

(HER2)þ metastatic breast cancer6 and inotuzumab ozoga-

micin (Pfizer) for the treatment of CD22+ relapsed or refrac-

tory B-cell precursor acute lymphoblastic leukemia in

2017.7 There are currently more than 60 ADCs in clinical

trials and several more at the preclinical stage for the treat-

ment of hematological malignancies and solid tumors.8,9

1 Institute of Molecular Medicine, McGovern Medical School, The University of

Texas Health Science Center at Houston, Houston, TX, USA

Submitted: 10/05/2018. Revised: 01/08/2018. Accepted: 01/08/2018.

Corresponding Authors:

Kendra S. Carmon and Ali Azhdarinia, Institute of Molecular Medicine,

McGovern Medical School, The University of Texas Health Science Center

at Houston, 1825 Pressler Street, SRB, Houston, TX77030, USA.

Emails: kendra.s.carmon@uth.tmc.edu; ali.azhdarinia@uth.tmc.edu

Molecular Imaging
Volume 17: 1-10
ª The Author(s) 2018
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1536012118801223
journals.sagepub.com/home/mix

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

mailto:kendra.s.carmon@uth.tmc.edu
mailto:ali.azhdarinia@uth.tmc.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1536012118801223
http://journals.sagepub.com/home/mix


Target Antigen and Antibody Selection

An important consideration in the development of successful

ADCs for cancer treatment is the identification of valid anti-

gens for mAb generation and therapeutic targeting. Accepta-

ble antigens must have (1) high expression in tumors with

minimal to no expression in normal tissues, (2) localized

expression on the tumor cell surface for accessibility to cir-

culating mAbs, and (3) the ability to undergo internalization

for transport into the tumor cell followed by intracellular

trafficking for processing and payload release3 (Figure 2).

Among the different target antigens being evaluated in pre-

clinical and clinical trials, a number of them are directed

against a specific solid tumor type such as carcinoembryonic

antigen-related cell adhesion molecule 5 for metastatic colon

cancer,10 whereas others are directed against several tumor

types (eg, mesothelin [MSLN] and delta-like 3)11-13 or against

blood cancers (eg, CD37).14 ADCs are also being developed

to target tumor microenvironment proteins such as transmem-

brane 4 L6 family member 115 and cancer stem cell targets

including leucine-rich repeat-containing G protein-coupled

receptor 5 (LGR5).16,17 Interestingly, ADC technology is also

being evaluated for nononcologic indications including the

delivery of antibiotics conjugated to an anti-Staphylococcus

aureus mAb to treat infection,18 and the delivery of the tyr-

osine kinase inhibitor dasatinib to T lymphocytes via a che-

mokine receptor type 4-targeted mAb to repress T cell

activation.19

The antibody selected for ADC development is a major

determinant of efficacy and toxicity in vivo. In order to max-

imize the therapeutic index of an ADC, the antibody must have

high specificity for the target antigen while exhibiting low

uptake in normal tissues or cross-reactivity with other nonspe-

cific antigens that can result in toxicity or faster rate of clear-

ance.20,21 The minimum threshold of expression that makes a

tumor antigen an effective ADC target varies depending on its

unique components, including rate and extent of internaliza-

tion, turnover, and accessibility. Threshold expression levels

that have been reported include p97 (10, 000-280, 000 copies/

cell, anti-p97-auristatin), prostate-specific membrane antigen

(PSMA) (10 000-100 000 copies/cell, anti-PSMA-auristatin),

and CD33 (5000-10 000 copies/cell, gemtuzumab ozogami-

cin).22-24 However, an endothelin B receptor-targeting ADC

was shown to affect xenograft tumor growth with only 1500

copies/cell,25 whereas other ADC targets such as HER2 have

much higher copy numbers (*106 copies/cell).26 The antibody

must also have high affinity (picomolar range) to ensure suffi-

cient tumor uptake and payload delivery, pharmacokinetic

properties that balance drug delivery to tumors and minimize

drug exposure to nontarget tissues, and low immunogenicity. It

is important to note that while the antibody selected for ADC

development may exhibit therapeutic activity prior to payload

conjugation, it is not essential.16Given the importance of these

attributes in predicting the success of ADC therapies, methods

to assess targeting, biodistribution, and pharmacokinetics have

emerged as an important part in the drug development process.

Figure 2. Targeted delivery of cytotoxic drugs to cancer cells by
ADCs. The ADC selectively binds a cell-surface tumor antigen,
resulting in internalization of the ADC–antigen complex via endocy-
tosis. The ADC–antigen complex then traffics to lysosomal com-
partments and is degraded to release active cytotoxic drug inside the
cell, resulting in cancer cell death (adapted from Panowski et al).1

Figure 1. Critical components that influence ADC therapeutics.
ADCs consist of a cytotoxic drug conjugated to a mAb via a select
linker at choice attachment sites. These components all affect ADC
efficacy and safety, and their optimization is essential for successful
development (adapted from Panowski et al).1
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Companion Diagnostics in ADC
Development

Applications of Immuno-PET

A key step in the development of new stand-alone cancer thera-

pies is to show compelling preclinical evidence for improved

antitumor efficacy with limited toxicity. One approach to

address these issues is by employing companion diagnostics

that can be used to visually monitor and track therapeutics in

vivo.27 Companion diagnostics are tools or assays that can

identify the presence or absence of a biomarker and, when used

for molecular imaging, may be useful for predicting therapeutic

response. Imaging of radiolabeled mAbs by positron emission

tomography (PET), or immuno-PET, has been employed for

the noninvasive quantification of mAb uptake in normal and

tumor tissues for drug development purposes28-30 and

expanded to ADC development.31-33 Unlike the assessment

of tumor biopsies, which represent characteristics of a specific

tumor section, radiolabeling the naked mAb used in an ADC

permits global assessment of antigen expression and identifi-

cation of patients who are likely to respond to a particular ADC

therapy. Moreover, tumor heterogeneity between, as well as

within, patients can be more effectively understood through

comprehensive in vivo assessment of tumors by immuno-

PET. A companion diagnostic could also help predict treatment

effects, and potentially outcomes, of ADC therapy based on

quantitative characterization of tracer uptake, pharmacoki-

netics, and clearance. Optimally, the biodistribution of the

companion diagnostic and the corresponding ADC would be

equivalent. The findings could then be used for dose optimiza-

tion to enhance the safety profile of the ADC in patients in

order to maximize antitumor effects. Furthermore, clinical

questions related to treatment efficacy could be addressed

through the use of a companion diagnostic that accurately mea-

sures antigen expression, especially in metastases where the

antigen expression profile may not reflect that of the primary

tumor.

Radiolabeled Agents for Immuno-PET

The exceptional target specificity of antibodies has led to their

use as targeting vehicles for delivery of payloads such as radio-

nuclides for imaging and therapy, fluorescent dyes for intrao-

perative imaging, and cytotoxic compounds for targeted drug

delivery. For immuno-PET agents, different radiolabels

(Table 1) can be introduced through a variety of approaches

that have been extensively reviewed elsewhere.34-37 In this

review, we focus on the use of the positron-emitting radiome-

tal, zirconium-89 (89Zr), based on its emergence as the radio-

nuclide of choice for antibody imaging and a large number of

clinical trials employing 89Zr-immuno-PET.27,38,39 The

increasing adoption of 89Zr for antibody labeling is due in part

to its 3.3 day half-life that enables delayed imaging at time

points (up to 7 days postinjection) that allow tracer clearance

and improved tumor visualization. Although 124I has a longer

half-life compared to 89Zr (Table 1), it is not residualizing and

therefore is not compatible with an mAb that undergoes inter-

nalization.29 On the other hand, the short half-lives of 64Cu and
86Y can fail to accurately predict mAb biodistribution. The

half-life of 89Zr also allows shipping to regional and distant

sites, making it possible for researchers and clinicians without

access to a cyclotron facility to obtain 89Zr for preclinical or

clinical research.

Well-defined manufacturing processes have further con-

tributed to the growing use of 89Zr in molecular imaging. The

bifunctional chelator, desferrioxamine (DFO), forms a coor-

dination complex with 89Zr that is efficiently produced and

stable (Figure 3).40-42 Importantly, methods for DFO conjuga-

tion have been optimized to produce chelator–protein ratios

that retain immunoreactivity and provide sufficient specific

activity preparations for microdosing.43,44 This helped estab-

lish good manufacturing practices for 89Zr-labeled mAbs and

harmonization of quantitative 89Zr-immuno-PET imaging to

support the expanded evaluation of agents in multicenter

trials.38 Since immuno-PET can determine target expression

and uptake at the tumor site and at the whole-body level, it can

provide a noninvasive method to accurately predict the bio-

distribution and pharmacokinetics of ADCs in development,

which has been typically lacking from phase I studies. Below,

we present preclinical and clinical studies that employ89Zr-

immuno-PET with the aim of improving treatment outcomes

with ADC therapy.

Immuno-PET in Preclinical Evaluation
of ADCs

CD30 in Lymphoma

CD30 is a member of the tumor necrosis factor receptor super-

family and is expressed in several cancers including Hodgkin

lymphoma, T-cell lymphomas, and large B-cell lymphoma.45

Since CD30 expression is found only in activated T and B cells,

it has been exploited as a target for ADC therapy. Conjugation

of monomethyl auristatin E (MMAE) to an anti-CD30 mAb led

to the development of the FDA-approved ADC, brentuximab

vedotin, for treatment of patients with relapsed or refractory

CD30+ Hodgkin lymphoma and ALCL. Currently, brentuxi-

mab vedotin is being tested in more than 70 clinical trials to

determine its effectiveness as an earlier line of therapy and

potential application in additional types of CD30� expressing

lymphomas.46 Histological assessment of CD30 is the gold

Table 1. Radionuclides Typically Used for Immuno-PET.

Radionuclide Half-Life Max bþ Energy, MeV

64Cu 12.7 hours 0.66
86Y 14.7 hours 1.2
89Zr 3.3 dys 0.90
124I 4.2 days 2.15

Abbreviations: 64Cu, copper-64; 86Y, yttrium-86; 89Zr, zirconium-89, 124I,
iodine-124.
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standard for determining expression; however, results from

multiple studies showing clinical response to brentuximab

vedotin in patients who were histologically negative for

CD30 demonstrate the need for alternative receptor detection

methods. In order to more accurately assess CD30 expression,

Rylova and colleagues labeled the anti-CD30 mAb, known as

AC-10, with 89Zr to examine its potential as a companion

diagnostic for patient selection, prediction of response, and

treatment monitoring.47 In vitro characterization of
89Zr-DFO-AC-10 revealed >98% specific binding in cells that

were CD30þ, whereas CD30� cells did not have specific

uptake. PET and biodistribution data also showed CD30�

mediated uptake with a peak value of 37.9% + 8.2% injected

dose/gram (%ID/g) in the CD30þ model 72 hours postinjec-

tion, while CD30� mice had 11.0%ID/g + 0.4%ID/g. Target

specificity was further confirmed by in vivo blocking experi-

ments, which resulted in a 40% reduction in tumor uptake in

CD30+ mice. Immuno-PET showed clear differences between

tracer uptake and image contrast in CD30+ and CD30� groups

up to 144 hours postinjection and correlated with autoradiogra-

phy results from tumor sections (Figure 4). From these find-

ings, the authors demonstrated that 89Zr-DFO-AC-10 may be

useful for noninvasive assessment of CD30 status and could

potentially serve as companion diagnostic for brentuximab

vedotin therapy.

MSLN in Pancreatic and Ovarian Cancer

MSLN is a membrane-bound surface glycoprotein with rela-

tively unknown function yet is highly expressed in mesothelio-

mas and in pancreatic and ovarian tumors with minimal

expression in normal tissues. Studies evaluating anti-MSLN

ADCs have shown some promise for the treatment of MSLN-

expressing tumors, including maytansinoid DM4-conjugated

BAY 94-9343 (Bayer) in a phase II trial and BMS-986148

conjugated with an undisclosed payload which is in a phase

I/IIa trial.8 In 2015, a clinical study was performed to evaluate

another anti-MSLN antibody (MMOT05530A) using 89Zr-

immuno-PET imaging in conjunction with a phase I trial with

the MMAE-conjugated MMOT05530A ADC, DMOT4039A

(Genentech/Roche), in patients with pancreatic and ovarian

cancers.48 In a preclinical study preceding the clinical trial,
89Zr-MMOT0530A was used for PET imaging of MSLN-

expressing human pancreatic tumor xenografts.13 A dose esca-

lation study of 10, 25, and 100 mg of 89Zr-MMOT0530A,

injected in the presence of an equal dose of an 111In-labeled

nonspecific control, showed highest uptake in HPAC tumors in

the lowest dose group (14.2 + 2.5%ID/g, 11.1 + 0.6%ID/g,

and 7.5 + 1.1%ID/g, respectively). This could likely be attrib-

uted to saturation of MSLN binding sites at higher doses. PET

data from HPAC and Capan-2 tumor-bearing mice injected

with 10 mg of 89Zr-MMOT0530A showed similar tumor uptake

that increased over six days, whereas activity in other tissues

decreased. Ex vivo biodistribution analyses were consistent

with imaging data for both xenograft models. Since the relative

expression levels of MSLN in these xenograft cell lines was not

shown, it is unclear whether the comparable tumor uptake was

a result of similar MSLN expression levels in vivo. However, if

MSLN expression in the two xenografts was different, the

equivalence in tumor uptake could be due to the injected dose

being below the saturation limit or potential differences in

MSLN internalization rates. In fact, another related publication

did characterize MSLN expression of Capan-1 and HPAC in

vitro and in vivo.49 This study compared tumor uptake of
89Zr-MMOT0530A with the therapeutic efficacy of the

DMOT4039A using six different human cancer cell line xeno-

grafts that were shown to express different levels of MSLN

(OVCAR-3x2.1 ovarian adenocarcinoma; HPAC, Capan-2,

HPAF-II, and AsPC-1 pancreatic adenocarcinoma; and

MSTO-211H pleural mesothelioma). For the imaging and effi-

cacy studies, mice were injected with 5 mg/kg (*100 mg) of
89Zr-MMOT0530A or ADC, respectively. Of the six xeno-

grafts, only three responded to ADC treatment. Since all cancer

cell lines were prescreened for MMAE sensitivity, this finding

was attributed to lower MSLN expression levels in the three

Figure 3. Schematic representation of antibody conjugation with
amine-reactive DFO (1) and radiolabeling with 89Zr (2).
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nonresponders and/or potential differences in target internali-

zation. OVCAR-3x2.1 xenografts exhibited the most signifi-

cant response, followed by HPAC, and Capan-2, respectively.

Similarly, PET imaging of 89Zr-MMOT0530A six days post-

injection demonstrated highest tumor uptake in the same three

xenografts, although only 2-fold greater signal than nontarget-

ing control (OVCAR-3x2.1, 10.4%ID/g + 0.8%ID/g; Capan-

2, 8.8%ID/g + 1.0%ID/g; HPAC, 6.0%ID/g + 1.2%ID/g).

Consistent with the previous study, Capan-2 and HPAC xeno-

grafts exhibited similar tumor uptake,13,49 although MSLN

expression in Capan-2 tumors was slightly lower. Overall, the

authors concluded that in all cases, the immuno-PET signals

predicted ADC-mediated tumor growth inhibition. However, it

is important to note that while immuno-PET can act as a sur-

rogate for ADC uptake in tumors, it may be limited in predict-

ing efficacy due to other contributing factors including tumor

drug sensitivity, resistance mechanisms, and the extent of tar-

get internalization.

TENB2 and STEAP1 in Prostate Cancer

Transmembrane proteoglycan, related to the epidermal growth

factor family of growth factors and follistatin (TENB2) and six-

transmembrane epithelial antigen of the prostate-1 (STEAP1),

were shown to be highly expressed in prostate tumors, and

mAbs targeting these two proteins were evaluated by

immuno-PET and as ADCs for targeted treatment of prostate

cancer.50 Ex vivo tumor tracer uptake of 111In-labeled TENB2

and STEAP1 mAbs (5 mg/kg) was assessed in four patient-

derived xenograft prostate tumor models three days post-

injection: LuCaP35V, LuCaP70, LuCaP77, and LuCaP96.1.

For TENB2, highest tumor uptake was observed in LuCaP77

(96.1%ID/g + 2.8%ID/g) followed by LuCaP96.1, LuCaP70,

and LuCaP35V (12.2%ID/g + 1.6%ID/g), respectively. For

STEAP1, LuCaP35V tumors exhibited the highest uptake

(38.7%ID/g + 1.5%ID/g) followed by LuCaP77, LuCaP70,

and LuCaP96.1 (4.7%ID/g + 0.3%ID/g), respectively. Anti-

tumor efficacy with the MMAE-conjugated ADCs was shown

to be consistent with the uptake studies. The TENB2-targeted

ADC demonstrated greatest efficacy against LuCaP96.1 and

LuCaP70, whereas LuCaP77 showed early effects followed

by recurrence, suggestive of MMAE resistance. The anti-

STEAP1 ADC inhibited growth of LuCaP35V and LuCaP70

tumors, which showed greatest 111In-lableled STEAP1 mAb

uptake. Furthermore, 89Zr-immuno-PET was used as a quanti-

tative measure of tracer uptake and correlated with 111In bio-

distribution studies, and was relatively consistent with

immunohistochemistry and FACS analysis of TENB2 and

STEAP1 expression. This study provides further evidence that

immuno-PET data can be extremely beneficial in predicting

ADC binding, internalization, and antitumor efficacy in vivo.

LGR5 in Colon Cancer

LGR5 is highly expressed in approximately 60% to 70% of

colorectal adenocarcinomas with low expression in normal tis-

sues.16 LGR5+ colon cancer cells have been shown to function

as cancer stem cells that drive tumor growth and metasta-

sis,51,52thus making it a promising target for the development

of novel therapeutics. Two anti-LGR5 mAbs (8F2 and 9G5)

were evaluated using 89Zr-immuno-PET to select the optimal

mAb for imaging of LGR5 and ADC development.53 Both

mAbs demonstrated specific, high-affinity binding, and inter-

nalization in LGR5-overexpressing 293T (293T-LGR5) and

DLD-1 colorectal cancer cells, but not 293T-vector cells or

DLD-1 cells with LGR5 shRNA knockdown (DLD-1-

shLGR5). 89Zr-DFO-LGR5 mAbs were generated and shown

to retain high affinity and LGR5-dependent uptake in vitro.

PET imaging of DLD-1 tumor xenografts performed five days

postinjection showed higher tumor signal for 89Zr-DFO-8F2

Figure 4. PET/CT images of CD30� and CD30þ mice at 144 hours after injection of the 89Zr-labeled mAb (AC-10; A) and the corresponding
digital autoradiography (DAR) and hematoxylin and eosin (H&E) staining (B). Adapted from Rylova et al.47
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versus 89Zr-DFO-9G5, with tumor-to-muscle ratios of 16.2 +
2.1 and 8.0 + 1.0, respectively. Similarly, biodistribution data

showed significantly higher tumor uptake for 89Zr-DFO-8F2

(17.9%ID/g + 2.2%ID/g) compared to 89Zr-DFO-9G5

(5.5%ID/g + 1.2%ID/g). No significant uptake was observed

in DLD-1-shLGR5 tumors or for control 89Zr-DFO-IgG. The

anti-LGR5 mAbs were prescreened in vitro for ADC activity

by complexing with a duocarmycin-conjugated secondary

ADC and testing the ability of the complex to destroy LGR5-

expressing colon cancer cells. Although both mAbs induced

LGR5-dependent cytotoxicity, 8F2 exhibited slightly higher

potency. Taken together, 8F2 was identified as the best candi-

date for ADC development and confirmed findings from a

prior therapeutic study with MMAE-conjugated 8F2, which

was shown to eradicate LGR5-positive tumors in vivo and

prevent recurrence.16 Together, these studies demonstrate that
89Zr-labeled anti-LGR5 mAbs can identify tumors with high

LGR5 expression and that immuno-PET may be used as a tool

to improve mAb selection for the development of LGR5-

targeted ADCs. Furthermore, LGR5 imaging may be useful

for stratifying patients who would respond best to an LGR5-

targeted ADC therapy and for monitoring treatment response.

Clinical Uses of Immuno-PET With ADCs

The ZEPHIR Trial for Breast Cancer

The recent FDA approval of T-DM1 provided a new therapeu-

tic option for patients with HER2+ breast cancer who pro-

gressed following prior treatment with trastuzumab. For this

agent, HER2 overexpression enables receptor-mediated deliv-

ery of DM1, a highly potent analog of the microtubule inhibitor

maitansine. Given the need for confirming HER2� positivity as

a prerequisite for therapy and the established difficulties with

tissue biopsies, the use of molecular imaging for patient selec-

tion was proposed by Gebhart and colleagues in the ZEPHIR

trial and represents the first prospective and comprehensive

imaging study in advanced HER2+ breast cancer.54 The goal

of the study was to determine eligibility for receiving T-DM1

and consisted of 60 patients with progressive HER2+ breast

cancer. Patients underwent 89Zr-trastuzumab imaging before

and after three cycles of T-DM1 therapy, as well as 18F-fluor-

odeoxyglucose (FDG) PET imaging as an indicator of early

metabolic response to complement immuno-PET findings. Sig-

nificant heterogeneity in 89Zr-trastuzumab scans was observed

and resulted in patients being categorized into four groups,

representing different tracer uptake patterns (Figure 5). From

the 39 patients who were classified as HER2+ by immuno-PET,

28 showed objective response on computed tomography (CT)

after T-DM1 therapy to give a positive predictive value (PPV)

of 72%. In cases where patients were classified as HER2� and

stable or progressive disease was shown by CT, a negative

predictive value (NPV) of 88% (14 of 16) was determined.

Metabolic imaging with FDG provided a PPV of 96% and

an NPV of 83%, and the combination of both molecular

imaging approaches gave a PPV and NPV of 100% based on

response evaluation criteria in solid tumors.

Selecting the appropriate outcome is key in evaluating the

effectiveness of molecular imaging agents. Median time-to-

treatment failure (TTF) was selected in this study, since it

represents the time point when the benefit of continuing ther-

apy is no longer evident. By evaluating the correlation between

molecular imaging and TTF, physicians will have a better

understanding of how a patient may respond to ADC therapy

and change the course of treatment where needed without sub-

jecting patients to unnecessary periods of ineffective therapy.

Patients in the positive immuno-PET imaging group had a

median TTF of 11.2 months compared to 3.5 months for those

with negative immuno-PET scans. Combining immuno-PET

and metabolic imaging further distinguished this difference,

resulting in a median TTF of 15 months for patients with pos-

itive HER2 and FDG scans when compared to 2.8 months in

patients with negative findings from both scans. Patients with

low (or no) 89Zr-trastuzumab uptake in metastatic lesions also

had shorter median TTF than those with homogenous tracer

uptake, further demonstrating the potential role of immuno-

PET as a predictor of patient response. This study elegantly

displayed the potential of molecular imaging as a companion

diagnostic for ADC therapy by focusing on patient individua-

lization via immuno-PET and combinatorial imaging strategies

that incorporated metabolic imaging. Methodology from the

ZEPHIR trial could be expanded to other ADCs to (1) improve

the understanding of how effective these new therapies may be

and (2) validate the role of molecular imaging as a biomarker

that can be broadly applied in drug development studies.

MSLN-Targeted Imaging and Therapy

Lamberts et al used 89Zr-immuno-PET to determine how tracer

antibody uptake relates to MSLN target expression and thera-

peutic response to the ADC, DMOT4039A, in patients with

pancreatic and ovarian cancer.48 Prior to ADC administration,

a total of 11 patients received 89Zr-MMOT0530A with mean

radioactivity of 37 MBq followed by imaging at 2, 4, and

7 days postinjection. Two patients were administered 1 mg of
89Zr-MMOT0530A and the remaining nine received a total of

10 mg labeled and unlabeled antibody. The latter was deter-

mined to be the suitable dose due to the increase in tracer

antibody availability in circulation. Maximum tumor uptake

was detected four days post injection in 17 pancreatic and

20 ovarian cancer lesions, with a SUVmax of 11.5 + 7.5 and

14.5 + 8.7, respectively. The authors suggested that lower

uptake observed in pancreatic tumors may be attributed to the

presence of dense stromal tissue making the environment inac-

cessible to antibody. Another possibility is that there is overall

lower expression of target antigen at the tumor surface in pan-

creatic versus ovarian tumors. Uptake (reported as %ID/g) in

blood (7.9 + 2.2), liver (13.2 + 4.1), kidneys (9.1 + 4.5),

spleen (8.0 + 2.7), and intestine (8.0 + 2.7) all

reflected normal antibody distribution. Heterogeneity of
89Zr-MMOT0530A tumor uptake occurred both intrapatient,
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with a 2.4-fold mean tumor uptake difference, and between

patients, with mean difference of 5.3-fold. The MSLN expres-

sion determined by immunohistochemistry (IHC) did not cor-

relate with PET uptake in this study. This result may be due to

the use of archival tumor sections which may represent only a

fraction of the entire tumor, whereas PET provides assessment

of the entire tumor. The authors suggest that fresh tumor biop-

sies would provide a more accurate comparison. Additionally,

the use of two different antibodies may also contribute to the

observed discrepancy between approaches, since antibodies

can differ in epitope binding and affinity. In 9 of 11 patients

treated with DMOT4039A, the best response was stable dis-

ease, while 1 patient experienced immediate progressive dis-

ease and 1 had a confirmed partial response. Although PET

uptake did not correlate with progression-free survival on a

per-patient basis, the patient with ongoing partial response

showed PET tracer uptake in two liver metastases and in the

primary pancreatic tumor. Although the clinical evaluation for

DMOT4039A was later halted,8 these studies demonstrated

that immuno-PET imaging of tumor antigens such as MSLN

can provide useful information for the selection of patients that

are most likely to benefit from target-based therapy.

Perspective and Future Directions

There are multiple motivating factors for the use of
89Zr-immuno-PET imaging in both the preclinical and the clin-

ical development of ADCs. In addition to confirming target-

specific tumor localization and uptake, imaging can be utilized

to assess the pharmacokinetics of ADCs and would aid in

understanding how blood residence times impact target and

off-target effects. This is particularly important because of the

inherently long circulation time of mAbs in blood, which while

providing drug exposure to tumors, could also increase sys-

temic toxicity. Lamberts et al were the first to utilize
89Zr-immuno-PET imaging as a biomarker for whole-body

imaging to determine potential tissue toxicity and verify tar-

geted delivery of an anti-MSLN antibody at the tumor site.48

Ultimately, in their study, imaging would serve as a means to

predict response to therapy. However, the authors did not

observe a correlation between PET uptake and progression-

free survival. The assumption was made that successful tumor

uptake of radiolabeled antibody would result in increased ADC

efficacy, which is not always the case since drug conjugation

can significantly alter the pharmacokinetics and stability of the

Figure 5. Patterns of HER2–PET/CT confronted with FDG–PET/CT, maximum intensity projection. Lesion uptake was considered pertinent
when visually higher than blood pool. (A) Entire tumor load showed pertinent tracer uptake; (B) dominant part of tumor load showed tracer
uptake; (C) minor part of tumor load showed tracer uptake; and (D) entire tumor load lacked tracer uptake (adapted from Gebhart et al54).
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unconjugated antibody.55 Jacobson et al observed this by

examining the impact of drug conjugation on the in vivo prop-

erties of radiolabeled mAbs and ADCs, and found that ADCs

had higher lipophilic character than their nonpayload contain-

ing counterparts.56 They also showed lower blood half-life for

the ADCs, indicating faster clearance following attachment of

the payload. Importantly, their analysis revealed a 50-60 reduc-

tion in tumor uptake following drug conjugation, suggesting

that use of the naked mAbs as a companion diagnostic would

have overestimated ADC uptake in tumors and provided an

inaccurate prediction of drug delivery. Thus, 89Zr-labeling and

imaging of the ADCs themselves may be more beneficial at

predicting therapeutic efficacy, dosing, and potential normal

tissue toxicity. In fact, the ZEPHIR trial proved to more

accurately predict response to therapy, since it combined
89Zr-trastuzumab PET/CT and FDG imaging with an early

response assessment to T-DM1 in patients with HER2+ breast

cancer.54 This multimodal approach provided a better under-

standing of how individual patients would respond to the ADC

without subjecting them to ineffective treatment and toxicity,

while also eliminating unnecessary drug costs.

Presently, IHC is a major analytical tool used for target

evaluation and patient selection for targeted therapies, includ-

ing ADCs. However, in the anti-MSLN antibody study,

immuno-PET uptake did not correlate with MSLN expression

determined by IHC.48 The downside of IHC is that it requires

an invasive procedure and is often performed upon an archival

formalin-fixed paraffin embedded (FFPE) tumor section of a

single lesion that fails to represent the heterogeneity of the

entire tumor or multiple lesions. The IHC procedures can also

be easily compromised due to sampling errors or artifacts.

Furthermore, therapeutic antibodies that bind native receptor

may fail to bind and detect receptor levels in FFPE tissues as a

result of target inaccessibility or destruction of antigen. Con-

versely, 89Zr-immuno-PET provides an assessment of target

levels, accessibility, and accumulation for all tumor lesions and

normal tissues non-invasively. Thus, imaging can be a valuable

adjunct to IHC and serve as a functional tool to confirm that an

ADC hits its target throughout the body. With further optimi-

zation and standardization, 89Zr-immuno-PET has great poten-

tial to function as a predictive biomarker of an ADC

effectiveness. The knowledge acquired from immuno-PET

coupled with preclinical findings could be employed to deter-

mine optimal and individualized dosing regimens for patients

in order to maximize the therapeutic effect and safety of novel

ADC therapies.
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