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Optical molecular imaging using fluorescently labeled monoclonal
antibodies is of significant added value in guiding surgical or endo-
scopic procedures. However, development of tracers for clinical
trials is complex, and implementation in the clinic is therefore slow.
We present a roadmap for development and translation of mono-
clonal antibody tracers into a drug product compliant with current
good manufacturing processes (cGMPs). Methods: The production
process for cetuximab-800CW and trastuzumab-800CW was opti-
mized with regard to dye-to-protein ratio and formulation buffer.
Promising formulations were produced under cGMP conditions
and advanced to a full-scale stability study. Tracers were analyzed
for stability by size-exclusion high-pressure liquid chromatography,
pH measurement, osmolality, visual inspection, and sterility, as re-
quired by the European Pharmacopeia and cGMP guidelines. Re-
sults: Seven formulations were investigated for cetuximab-800CW
and 10 for trastuzumab-800CW. On the basis of the formulation
study results, we chose 2 formulations per antibody for investigation
during the full-scale stability study. These formulations all per-
formed well, showing good compliance with the acceptance criteria
set for each product. Conclusion: We designed a roadmap to
standardize the development, formulation, and cGMP translation of
molecular fluorescent tracers. Using our standardized approach,
we developed 2 stable antibody-based tracers for clinical use. The
proposed roadmap can be used to efficiently develop a cGMP-
compliant formulation and improve the translation of newly devel-
oped optical tracers to first-in-human use.
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Monoclonal antibodies are known for their ability to bind to
cell receptors, cytokines, or other antigenic epitopes and are used
as drugs for oncologic and inflammatory diseases. Additionally,
specific binding and biodistribution characteristics make them well
suited as drug delivery scaffolds, such as in radioimmunotherapeutics
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and antibody—drug conjugates (/). In nuclear medicine, antibodies
have been extensively used as carrier molecules for PET and
SPECT isotopes (2-9). PET and SPECT allow for whole-body
imaging of primary tumor deposits and metastases but have lim-
itations such as relatively poor spatiotemporal resolution and
limited options for intraoperative or endoscopic confirmation
(10,11).

Near-infrared (NIR) fluorescent molecular imaging has several
advantages over standard cross-sectional imaging, as optical im-
aging allows for high-resolution, real-time signal detection. Imag-
ing in the NIR spectrum has limited autofluorescence, scattering,
and tissue absorption (/2). However, signal penetration is limited
to several millimeters. The feasibility of optical imaging during
invasive procedures has been extensively explored in animal mod-
els (13-17) and phase 1 clinical trials with promising results (/8—
23). However, progress of new tracers to the clinic has been slow,
as translation of a novel tracer into a product compliant with
current good manufacturing processes (cGMPs) is challenging
and presents a major hurdle in development. In this paper, we
present a roadmap that can aid in bringing new tracers from the
development phase to a cGMP-compliant investigational medici-
nal product. This approach is illustrated by the results from our
development and translation of the optical tracers cetuximab-
800CW and trastuzumab-800CW.

MATERIALS AND METHODS

Materials

Cetuximab (Erbitux; Merck KGaA) and trastuzumab (Herceptin;
Roche Pharma AG) are drugs for human use approved by the Eu-
ropean Medicines Agency. Sodium phosphate, sodium chloride,
sucrose, polysorbate 80, sodium citrate, and citric acid (all Spruyt-
Hillen) were of European Pharmacopeia (EP) quality. Dimethyl
sulfoxide (Sigma-Aldrich) was of EP quality. Polysorbate 20 (VWR)
was of reagent grade. Trehalose (Hayashibara) was of EP grade.
Water for injection (produced in-house) was of EP quality. IRDye
800CW of cGMP grade was acquired from LI-COR Biosciences.
Buffers used in the conjugation and formulation process were made
in-house.

Tracer Conjugation and Purification

Labeling procedures were derived from those used for bevacizu-
mab-800CW, as described previously (24). Product yield was deter-
mined by size-exclusion high-pressure liquid chromatography. The
purified tracer was diluted to 1 mg/mL using formulation buffer and
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HER?2 (Sino Biologicals) overnight at pH 9.4
and a temperature of 2°C-8°C. Plates were
blocked with 1% bovine serum albumin
(VWR Chemicals) in phosphate-buffered sa-
line for cetuximab and 1% human albumin
(Sanquin) in phosphate-buffered saline for
trastuzumab. Serial dilutions of both tracer
product and unconjugated commercial antibody
were made in phosphate-buffered saline. Antihu-
man IgG antibody conjugated to horseradish per-
oxidase (Jackson Immunoresearch Laboratories)
was used to detect target-bound tracer. Signal was
generated by adding 100 pL of 3,3',5,5'-tetra-
methylbenzidine (Thermo Fisher) solution and
stopping the reaction with 2 M sulfuric acid
after 5 min. 3,3',5,5'-tetramethylbenzidine ab-
sorption was read at 450 nm. A 4-parameter
log(dose)-response curve was fitted to the data
with GraphPad Prism, version 5.04. From the fit,
the concentration at the 50% maximum re-
sponse (EC50) value was calculated. Target af-
finity (A) was calculated using Equation 1:

A = (inverse IOg(IOgECSOSLandard
_ lOgECSOIracer)) X 100%.

Compendial analyses were validated accord-
ing to their respective compendial mono-
graph, as applicable. Noncompendial tests were
qualified according to relevant parameters in
accordance with International Conference on
Harmonization Q2(R1) guidelines.

Development and Translation

OPTICAL TRACER DEVELOPMENT AND TRANSLATION ROADMAP
PRODUCTION: TESTING/QC:
- Exploratory labeling - In-process controls
~ - Label process optimization - Stability indicating parameter testing
% - Critical process parameters - QC strategy & Critical quality parameters
<« - (Draft) Manufacturing process description - Main active compound testing
I - Process reproducibility - Expected impurity testing
= - (Draft) Bill of testing
PRODUCTION: TESTING/QC:
- Adjustment to cGMP unit and processes - Buffer panel stability testing
: - Change starting materials (Human use quality) - Starting materials and excipient materials testing
¢ - Test production with changed starting materials - Compendial drug product testing
‘I‘: - Evidence-based excipient selection - Input material toxicity and TSE/BSE safety
o - Buffer panel formulation study
DEVELOPMENT REPORT - GO/NO GO
PRODUCTION: TESTING/QC:
- (Draft) MBR - (Draft) Product specifications
© | - Full scale stability study run (cGMP) - Stability testing (intended and accelerated storage)
g - Stability evaluation after 3 months storage
g - Animal toxicity study
o
TECH TRANSFER REPORT - GO/NO GO
PRODUCTION: TESTING/QC:
- Finalize MBR - Finalize product IPC and QC protocols
< | - Finalize manufacturing process description - Analytical Method validation
W _ Finalize shelf-life and storage conditions - Concurrent stability testing of validation runs
(2] N 2 . i
<« - Validation runs - Finalize Bill of testing
I - Finalize specifications
o
DOCUMENTATION:
- Product dossier (summary of all development work, MBR's and QC protocols)
v -IMPD
W - IRB application
2 - Study protocol
I - Pharmacy manual
o
FIGURE 1. Optical tracer development and translation roadmap showing critical activities,

tests, and reports to properly translate product to cGMP. BSE = bovine spongiform encephalop-
athy; IMPD = investigational medicinal product dossier; IPC = in-process control; IRB = institu-
tional review board; MBR = master batch record; QC = quality control; TSE = transmissible

spongiform encephalopathy.

consequently passed over a 0.22-pm (Millex GV; Merck Milipore) bac-
teria-retaining filter and filled into glass vials at a volume of 6 mL per vial.
The vials were closed with a rubber stopper and an aluminum closure.

Quality Control

The product was analyzed for label efficiency, protein concentra-
tion, soluble protein aggregates, and unbound IRDye by size-exclusion
high-pressure liquid chromatography. The system consisted of a 5110
Chromaster pump, 5210 Chromaster injector, and 5430 Chromaster
diode-array detector (Hitachi) and a Biosep SEC S3000 300 x 7.2 mm
column (Phenomenex), with isocratic elution and a mobile phase of
phosphate-buffered saline, pH 7.6, at a flow of 1 mL/min. Absorption
was measured from 200 to 900 nm and analyzed at 280 nm for protein
measurements and 790 nm for IRDye measurements. The system was
operated by a CSM Software package.

Solution color, turbidity, and the general appearance of the product
were assessed visually. Osmolality, pH, sterility, bacterial endotoxins,
bioburden, residual solvents (dimethyl sulfoxide), and visible particles
were tested according to their respective EP monographs.

The target affinity of the tracer was measured by custom ELISA.
Briefly, 96-well plates were coated with either recombinant EGFR or

CLINICAL TRANSLATION OF NIR TRACERS

Roadmap

The roadmap (Fig. 1) we designed divides
the process of development and clinical trans-
lation into 5 phases. In phase 1, the label pro-
cess is explored on a small scale to identify
the critical parts of the process, resulting in a
reproducible method for production and test-
ing of the tracer.

In phase 2, the process is evaluated and adjusted to fit in with cGMP
procedures and facilities. Any changes to the starting materials are
made in this phase, if possible, to have consistent batches later in the
process. Next, a formulation study is performed. For this study, a panel
of buffers is designed. This panel should be individualized for every
antibody and take into account evidence on compatible excipients.
The results of this formulation study should be evaluated to make a
go/no-go decision on the continuation of development.

Phase 3 encompasses the full-scale stability study and animal toxicity
study. The product for this phase should be comparable to the clinical
trial material. Draft specifications should be designed to evaluate drug
stability. These specifications should be based on performance during
formulation studies and on compendial and cGMP requirements. Inclu-
sion of both the intended storage temperature and an accelerated storage
condition can be considered because it adds to the knowledge of the
worst-case scenario. We consider the minimum for clinical viability to
be stability results that conform with specifications after 3 mo of storage.

In phase 4, one or more productions are performed at clinical scale
and under full cGMP conditions to confirm that the process is robust
and reproducible. Any product from this phase is retained and entered
into the stability study to confirm the data from the initial stability study.
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Phase 5 establishes a product dossier of the results of phases 1-4. In
addition, the investigatory medicinal product dossier is written and is
included in the institutional review board application. We used this
roadmap to develop and translate 2 antibody-based tracers, the results
of which are described in this work.

Data Analysis

Averages were calculated for all continuous variables, with 95%
confidence intervals for protein concentration and impurity levels.
Average values were compared with specifications to determine the
suitability of the product. Categoric and ordinal variables (protein
identity, protein integrity, sterility, visible particles) were scored as
pass/fail. Graphs were produced using GraphPad Prism.

RESULTS

Phases 1 and 2: Tracer Characterization and
Formulation Studies

Initial experiments for both cetuximab and trastuzumab
showed high labeling efficiency for both antibodies (cetuximab >
60%, trastuzumab > 75%) and no incompatibility with labeling
reagents. However, because amino acids were present in the
antibody starting materials, the antibodies were buffer-exchanged to a
phosphate buffer of pH 8.5 for label conjugation.

Buffer panels were designed for both cetuximab-800CW and
trastuzumab-800CW. Compositions were based on available evi-
dence for buffer and excipient compatibility. Additionally, when
possible, the panel aimed to choose a simple buffer that would
provide sufficient stability (Supplemental Table 1; supplemental
materials are available at http://jnm.snmjournals.org). The panel
for cetuximab-800CW and trastuzumab-800CW consisted of 7 and

5 formulations, respectively, which were stored at 2°C—8°C and
observed for 42 and 29 d, respectively. For cetuximab-800CW, the
dye-to-protein ratio (D/P) was kept at 2 for all formulation study
batches; for trastuzumab-800CW, D/Ps of both 1 and 2 were tested
during formulation, since initial experiments showed D/P to be
related to stability. The result was 10 test solutions for trastuzumab-
800CW and 7 for cetuximab-800CW. The main size-exclusion
high-pressure liquid chromatography diode-array detector results
from the formulation studies were monomer content and observed
impurities (Fig. 2).

All tested formulations of cetuximab-800CW performed well; no
protein aggregates were detected, and levels of unconjugated dye
were below the acceptance limit of 5% at all times (Fig. 2C). Protein
monomer concentration (Fig. 2A) was more than 98% at all times for
cetuximab formulations C1, C2, C4, C6, and C7. The lowest level of
protein concentration was observed for C3 and C5 (both having a
lower pH of 5.0) after 42 d (94% of starting monomer concentration).
No acceptance limits were exceeded. On the basis of their observed
protein monomer stability and levels of impurities, we selected a
50 mM citrate buffer of pH 6.0 (C4) and a 50 mM phosphate buffer
of pH 7.0 (C7) for further development in a full-scale stability study.

For trastuzumab-800CW (Fig. 2B), formulations containing
trehalose (T2, T4, T7, and T9) showed a rapid drop of 17%—
21% in monomer concentration in the first 8 d. The drop in concen-
tration coincided with the formation of insoluble particulate
matter at the bottom of the vial. Because of these observations,
we stopped measurements of these formulations after 16 d.
Conversely, formulations containing sodium chloride (T1, T3,
T5, T6, T8, and T10) showed a stable monomer concentration.
T1 and T3 showed monomer concentra-
tions of more than 95% at all tested mo-
ments. T5, T6, and T8 showed monomer
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29 d. No unconjugated dye was detected
during the study. Levels of protein aggre-
gates (Fig. 2D) were approximately 1%
at the start of the study and increased
steadily over time for all formulations.
At 29 d, levels of aggregates ranged from
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0.5% (T1) to 7.6% (T10). None of the
tested solutions exceeded the acceptance
limit of 10%. Because T6, T8, and T10
(all D/P = 2) showed overall lower mono-
mer concentrations and higher levels of ag-
gregates than T1, T3, or TS (all D/P = 1),
we suspected that the amount of conjugated

+ dye influenced the stability of the protein.
15 20 25 30

t o n Time (d) Time (d) However, since a lower D/P results in lower
I .
amounts of dye delivered to the target, we
© C1 8 Cz A& C3 C4 -+ C5 < T1 & 72 % T3 ¢ T4 & T5 = T6 decided to investigate 10 mM phosphate
% C7 ¢ C6 -~ RL == SL = T7 = T8 % T8 - T10 ---- RL --- SL

buffer at pH 7.0 with D/Ps of 1 and 2 (T3

FIGURE 2. Formulation study results for cetuximab-800CW and trastuzumab-800CW. Protein
monomer concentration (A and B) and main impurity in both products (C and D) are shown. Monomer

and T8, respectively) for further develop-
ment in a full-scale stability study.

concentration data are normalized to first measurement to show relative protein breakdown. Formu-

lations considered feasible for development are shown in color; unfeasible formulations are shown in
gray scale. Dashed and dotted lines indicate acceptance limits for product release or end of shelf-life.

RL = release limit; SL = (end of) shelf-life limit.
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Phase 3: Full-Scale Stability Study
Stability studies were designed to run
for 12 mo in real time (2°C-8°C), with an
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FIGURE 3. Cetuximab-800CW and trastuzumab-800CW main stability results. (A and B) Mono-
mer concentration. Data are normalized to average measured at start of study to show relative
protein breakdown. (C and D) Unconjugated dye, presented as percentage of total IRDye 800CW. (E)
Soluble protein aggregates for trastuzumab-800CW. No aggregates were detected during stability
study for cetuximab-800CW. Dashed and dotted lines show acceptance limits for product release
and end of shelf-life. Data are presented as averages with 95% confidence interval for 5 measure-

ments. RL = release limit; SL = (end of) shelf-life limit.

additional accelerated arm (15°C-25°C) for the first 3 mo. In the
current study, we present the results of the preliminary analysis
and clinical feasibility assessment after 3 mo of stability study. On
the basis of the results of phase 2, development was focused on the
stability of formulations C4 (cetuximab-800CW in 50 mM citrate,
pH 6.0; D/P = 2), C7 (cetuximab-800CW in 50 mM phosphate, pH
7.0; D/P = 2), T3 (trastuzumab-800CW in 10 mM phosphate, pH
7.0; D/P = 1), and T8 (trastuzumab-800CW in 10 mM phosphate,
pH 7.0; D/P = 2). Full-scale batches of all formulations were
produced in the cGMP unit of the Department of Clinical Phar-
macy and Pharmacology at the University Medical Center Gro-
ningen, resulting in 90 vials of C4, 84 of C7, 82 of T3, and 90 of
T8. Specifications and limits based on applicable EP monographs,
relevant guidelines, or development results were established be-
fore the start of the stability study (Supplemental Table 2).

The main stability results for both tracers show that cetuximab
protein monomer levels (Fig. 3A) were within limits after 3 mo,
with mean levels of 96.9% at 2°C—8°C and 96.7% at 15°C-25°C
for C4 (50 mM citrate, pH 6.0; D/P = 2) and with levels of
102.6% at 2°C-8°C and 103.8% at 15°C-25°C for C7 (50 mM
phosphate, pH 7.0; D/P = 2). Unconjugated dye (Fig. 3C) was

CLINICAL TRANSLATION OF NIR TRACERS

binding curves for the tracer and standard
(fresh unlabeled antibody). Representative
binding curves for cetuximab-800CW (C7,
2°C-8°C, 3 mo) and trastuzumab-800CW
(T3, 2°C-8°C, 3 mo) alongside standard
(Fig. 4) are depicted. Target affinity (Sup-
plemental Table 3) for C4 was 113% at the
start of the study and declined to 76% after
3 mo at 2°C-8°C and 79% at 15°C-25°C.
For C7, target affinity started at 86%. When stored at 2°C-8°C, it
dropped to 77% after 2 mo but showed an increase to 98% at 3 mo.
Stored at 15°C-25°C, an increase was seen after 1 mo to 108%,
which then steadily decreased to 83% at 3 mo. For trastuzumab-
800CW, target affinity results tended to fluctuate over time. Target
affinity for T3 was 78% at the start of the study and was then
measured at 68%, 73%, and 85% after 1 mo, 2 mo, and 3 mo
stored at 2°C—8°C, respectively. At 15°C-25°C, target affinity was
measured at 129%, 55%, and 80% after 1 mo, 2 mo, and 3 mo,
respectively. For T8, target affinity was 78% at the start of the
study. The 2°C-8°C batch was then measured to be 63%, 80%,
and 82%, after 1 mo, 2 mo, and 3 mo storage, respectively,
whereas the 15°C-25°C batch was 79%, 67%, and 68% after 1 mo,
2 mo, and 3 mo of storage, respectively.

From the additional stability results (Supplemental Table 3), we
identified abnormal chromatography results when testing after 2 mo
in the room temperature batch of C4. An additional peak appeared at
280 nm at around 11 min, possibly indicating a low-molecular-weight
protein or peptide variant. The peak was present in only the 5 room
temperature samples. The exact nature of the peak identity was not
clear, and it was not visible in other samples or at later time points.
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FIGURE 4. Representative binding curves for target affinity ELISA for
cetuximab-800CW (A) and trastuzumab-800CW (B) after 3 mo of refrig-
erated storage. Black symbols and curve indicate reference standard of
unlabeled antibody. Data are presented as average and SD of duplicate
measurements. OD450 = absorption at 450 nm.

In summary, we considered both the cetuximab C7 formulation
(50 mM phosphate, pH 7.0; D/P = 2) and the trastuzumab T3
formulation (10 mM phosphate, pH 7.0; D/P = 1.0) feasible for
clinical testing. Both tracers were stable and of high purity and
retained their main mode of action for at least 3 mo when stored in
the refrigerator in their chosen formulations. Further batches will
be made at the scale of the stability study under cGMP conditions
to complete phase 3, and the manufacturing process will be vali-
dated in phase 4. Toxicity testing can be performed with material
produced during phase 4. In our case, since both cetuximab and
trastuzumab are registered medicinal products with a well-known
safety profile, and the nontoxicity of IRDye 800CW has been
established previously (25), we chose to omit toxicity testing
and apply for microdose clinical phase 0/1 studies instead.

DISCUSSION

Development of cGMP-compliant NIR tracers is a challenging
exercise, as evident from the slow progress to clinical application

422

despite promising results from preclinical and early clinical studies.
We present a roadmap for a standardized approach to development
and translation. The roadmap includes a buffer panel formulation
study, followed by a focused long-term stability study, and was used
successfully to translate both cetuximab-800CW and trastuzumab-
800CW to a product fit for clinical testing.

Molecular NIR fluorescence is a novel imaging modality with
several advantages over the established modalities such as PET,
CT, and MRI. Using existing, approved antibodies to target NIR
dye distribution provides an interesting opportunity because the
pharmacokinetic and pharmacodynamic properties are already
known from studies performed during drug approval, facilitating
tailoring of the tracer for clinical use (26,27). Because of devel-
opmental challenges and lack of established guidelines for develop-
ment or implementation, the number of tracers reaching the clinical
trial phase has remained limited. Among tracers based on IRDye-
conjugated antibodies, only bevacizumab (20,28,29), girentuximab
(30), cetuximab (/9), and panitumumab (3/,32) have running or
completed clinical trials.

However, in general, very few details are given on the devel-
opment and formulation of these tracers (/4,24,33-35). Several
publications have addressed the translation and clinical implications
of NIR imaging, but these discuss mostly the camera technology
and the design of clinical trials (31,32,36,37), leaving researchers
with little guidance on the steps required to progress a tracer from
experiment to clinical product. The roadmap we present can fill this
gap in the available literature by giving researchers a bird’s-eye
view of the steps leading up to the first clinical-grade production.

Validation of analytic methods for antibody-based tracers is
problematic, as in most cases there will be no reference standard
with which the product samples can be compared. The use of a
commercially available registered drug product provides a satis-
factory reference standard for the protein; however, identification
and quantification of impurities remain an open issue.

As shown for both cetuximab-800CW and trastuzumab-800CW,
buffers were selected (C7 and T3) with optimal balance between
buffer complexity and product stability. When screening of large
numbers of additives and excipients for compatibility is desired,
our method may be inefficient, as it is best suited to selecting a
formulation in early development from a smaller panel of options.
By incorporating ample variation into the buffer panel of phase 2,
one can explore the limits of the buffer conditions tolerated by the
product. Whereas the panel is based around known compatible
excipients of the carrier protein to minimize the chance of
essential incompatibility, shifts in excipient compatibility can
result from dye conjugations, as shown by the incompatibility of
our trastuzumab-800CW with our trehalose formulations (T2, T4,
T7, T9). Trehalose is used as an excipient in Herceptin (trastuzumab’s
clinical formulation) but was no longer compatible after IRDye
conjugation. This loss of compatibility may be due to a shift
in isoelectric point because of dye conjugation or to an interac-
tion between IRDye 800CW and trehalose. The known sensitivity
of trastuzumab to deamidation and aggregation in solution (38)
might additionally explain these observations. Another limitation of
this approach is expected when applied to a new, not yet marketed
antibody, as the compatible excipients are not yet fully known,
making this approach more challenging for initial buffer discovery.

The roadmap is based around requirements from the EP and
legislation by the European Medicines Agency. Therefore, the
exact execution of the phases, and the required content for the
milestone reports, may differ slightly if the tracer is not produced
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in Europe. However, the roadmap primarily provides handholds
for tracer development and a strategy for product translation,
which can be applied in any region of the world.

CONCLUSION

Using a roadmap for antibody-based tracer design, development,
and formulation, we translated cetuximab-800CW and trastuzumab-
800CW from experimental conjugates to cGMP-compliant in-
vestigational medicinal products. Both tracers have demonstrated
long-term stability and suitability for human use. Clinical phase
0/1 trials may be conducted using these tracers to detect tumors
during image-guided surgery. The proposed roadmap may be
applied to other antibody-based tracers as well and can guide re-
searchers in developing a product that is suitable for human use.

DISCLOSURE

Wouter Nagengast and Annelies Jorritsma-Smit are supported
by the Dutch Cancer Society (RUG2012-5415 and RUG2014-7290,
respectively). Wouter Nagengast and Gooitzen van Dam received an
unrestricted research grant from SurgVision B.V. Gooitzen van Dam
is a member of the scientific advisory board of SurgVision. No other
potential conflict of interest relevant to this article was reported.

REFERENCES

1. Weiner GJ. Building better monoclonal antibody-based therapeutics. Nat Rev
Cancer. 2015;15:361-370.

2. Nagengast WB, Hooge MN, van Straten EM, et al. VEGF-SPECT with '!'In-
bevacizumab in stage III/IV melanoma patients. Eur J Cancer. 2011;47:1595-1602.

3. Nagengast WB, de Korte MA, Oude Munnink TH, et al. 3°Zr-bevacizumab PET
of early antiangiogenic tumor response to treatment with HSP90 inhibitor NVP-
AUY922. J Nucl Med. 2010;51:761-767.

4. Oude Munnink TH, Nagengast WB, Brouwers AH, et al. Molecular imaging of
breast cancer. Breast. 2009;18(suppl):S66-S73.

5. Nagengast WB, de Vries EG, Hospers GA, et al. In vivo VEGF imaging with
radiolabeled bevacizumab in a human ovarian tumor xenograft. J Nucl Med. 2007;48:
1313-1319.

6. van Dongen GAMS, Visser GWM, Lub-de Hooge MN, de Vries EG, Perk LR.
Immuno-PET: a navigator in monoclonal antibody development and applica-
tions. Oncologist. 2007;12:1379-1389.

7. Gaykema SBM, de Jong JR, Perik PJ, et al. '''In-trastuzumab scintigraphy in
HER2-positive metastatic breast cancer patients remains feasible during trastu-
zumab treatment. Mol Imaging. 2014;13:1-6.

8. Gaykema SBM, Schroder CP, Vitfell-Rasmussen J, et al. 8Zr-trastuzumab and
897r-bevacizumab PET to evaluate the effect of the HSP90 inhibitor NVP-AUY922
in metastatic breast cancer patients. Clin Cancer Res. 2014;20:3945-3954.

9. ter Weele EJ, van Scheltinga AGTT, Kosterink JGW, et al. Imaging the distri-
bution of an antibody-drug conjugate constituent targeting mesothelin with 8°Zr
and IRDye 800CW in mice bearing human pancreatic tumor xenografts. Onco-
target. 2015;6:42081-42090.

10. Vahrmeijer AL, Hutteman M, van der Vorst JR, van de Velde CJH, Frangioni JV.
Image-guided cancer surgery using near-infrared fluorescence. Nat Rev Clin
Oncol. 2013;10:507-518.

11. de Boer E, Harlaar NJ, Taruttis A, et al. Optical innovations in surgery. Br J Surg.
2015;102:e56—<72.

12. Taruttis A, Ntziachristos V. Translational optical imaging. AJR. 2012;199:263-271.

13. Terwisscha van Scheltinga AGT, van Dam GM, Nagengast WB, et al. Intraoper-
ative near-infrared fluorescence tumor imaging with vascular endothelial growth
factor and human epidermal growth factor receptor 2 targeting antibodies. J Nucl
Med. 2011;52:1778-1785.

14. Heath CH, Deep NL, Beck LN, et al. Use of panitumumab-IRDye800 to image
cutaneous head and neck cancer in mice. Otolaryngol Head Neck Surg. 2013;148:
982-990.

CLINICAL TRANSLATION OF NIR TRACERS

20.

21.

22.

23.

24.

25.

26.

27.

29.

31.

32

33.

34.

35.

36.

37.

. Kijanka M, Warnders FJ, El Khattabi M, et al. Rapid optical imaging of human

breast tumour xenografts using anti-HER2 VHHs site-directly conjugated to IRDye
800CW for image-guided surgery. Eur J Nucl Med Mol Imaging. 2013;40:1718-1729.

. Korb ML, Hartman YE, Kovar J, Zinn KR, Bland KI, Rosenthal EL. Use of

monoclonal antibody-IRDye800CW bioconjugates in the resection of breast cancer.
J Surg Res. 2014;188:119-128.

. Muselaers CHJ, Stillebroer AB, Rijpkema M, et al. Optical imaging of renal cell

carcinoma with anti-carbonic anhydrase IX monoclonal antibody girentuximab.
J Nucl Med. 2014;55:1035-1040.

. van Dam GM, Themelis G, Crane LMA, et al. Intraoperative tumor-specific

fluorescence imaging in ovarian cancer by folate receptor-a targeting: first in-
human results. Nar Med. 2011;17:1315-1319.

. Rosenthal EL, Warram JM, De Boer E, et al. Safety and tumor specificity of

cetuximab-IRDye800 for surgical navigation in head and neck cancer. Clin Can-
cer Res. 2015;21:3658-3666.

Harlaar NJ, Koller M, de Jongh SJ, et al. Molecular fluorescence-guided surgery
of peritoneal carcinomatosis of colorectal origin: a single-centre feasibility study.
Lancet Gastroenterol Hepatol. 2016;1:283-290.

Atreya R, Neumann H, Neufert C, et al. In vivo imaging using fluorescent
antibodies to tumor necrosis factor predicts therapeutic response in Crohn’s
disease. Nat Med. 2014;20:313-318.

Sturm MB, Joshi BP, Lu S, et al. Targeted imaging of esophageal neoplasia
with a fluorescently labeled peptide: first-in-human results. Sci Transl Med.
2013;5:184ra61.

Burggraaf J, Kamerling IMC, Gordon PB, et al. Detection of colorectal polyps in
humans using an intravenously administered fluorescent peptide targeted against
c-Met. Nat Med. 2015;21:955-961.

Ter Weele EJ, Terwisscha Van Scheltinga AGT, Linssen MD, et al. Development,
preclinical safety, formulation, and stability of clinical grade bevacizumab-
800CW, a new near infrared fluorescent imaging agent for first in human use.
Eur J Pharm Biopharm. 2016;104:226-234.

Marshall MV, Draney D, Sevick-Muraca EM, Olive DM. Single-dose intrave-
nous toxicity study of IRDye 800CW in Sprague-Dawley rats. Mol Imaging Biol.
2010;12:583-594.

Scheuer W, Van Dam GM, Dobosz M, Schwaiger M, Ntziachristos V. Drug-based
optical agents: infiltrating clinics at lower risk. Sci Transl Med. 2012;4:134ps11.
Day KE, Sweeny L, Kulbersh B, Zinn KR, Rosenthal EL. Preclinical compar-
ison of near-infrared-labeled cetuximab and panitumumab for optical imaging of
head and neck squamous cell carcinoma. Mol Imaging Biol. 2013;15:722-729.

. Lamberts LE, Koch M, De Jong JS, et al. Tumor-specific uptake of fluorescent

bevacizumab-IRDye800CW microdosing in patients with primary breast cancer:
a phase I feasibility study. Clin Cancer Res. 2017;23:2730-2741.

Koch M, de Jong JS, Glatz JJ, et al. Threshold analysis and biodistribution of
fluorescently labeled bevacizumab in human breast cancer. Cancer Res. 2017;77:
623-631.

. Hekman MCH, Boerman OC, de Weijert M, et al. Targeted dual-modality im-

aging in renal cell carcinoma: an ex vivo kidney perfusion study. Clin Cancer
Res. 2016;22:4634-4642.

Tummers WS, Warram JM, Tipirneni KE, et al. Regulatory aspects of optical
methods and exogenous targets for cancer detection. Cancer Res. 2017;77:2197—
2206.

Rosenthal EL, Warram JM, de Boer E, et al. Successful translation of fluores-
cence navigation during oncologic surgery: a consensus report. J Nucl Med. 2016;57:
144-150.

Zinn KR, Korb M, Samuel S, et al. IND-directed safety and biodistribution study
of intravenously injected cetuximab-IRDye800 in cynomolgus macaques. Mol
Imaging Biol. 2015;17:49-57.

de Boer E, Samuel S, French DN, et al. Biodistribution study of intravenously
injected cetuximab-IRDye700DX in cynomolgus macaques. Mol Imaging Biol.
2016;18:232-242.

Rijpkema M, Bos DL, Cornelissen AS, et al. Optimization of dual-labeled anti-
bodies for targeted intraoperative imaging of tumors. Mol Imaging. 2015;14:
348-355.

Sevick-Muraca EM, Akers W1J, Joshi BP, et al. Advancing the translation of optical
imaging agents for clinical imaging. Biomed Opt Express. 2013;4:160-170.
Aldrich MB, Marshall MV, Sevick-Muraca EM, et al. Seeing it through: translational
validation of new medical imaging modalities. Biomed Opt Express. 2012;3:764-776.

. Harris RJ, Kabakoff B, Macchi FD, et al. Identification of multiple sources of

charge heterogeneity in a recombinant antibody. J Chromatogr B Biomed Sci
Appl. 2001;752:233-245.

Linssen et al. 423



