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The field of molecular imaging has witnessed tremendous expansion over the last decade
(1). A wide variety of molecular imaging agents (e.g. radiolabeled, fluorescently labeled,
and nanoparticle-based) have been developed and optimized for preclinical and clinical
investigation. Now is the prime time to reap the fruit of such tremendous development in the
field via the use of multi-parametric molecular imaging to monitor the efficacy of targeted
therapies and guide the rational design of more efficacious combination therapy. In this
issue of The Journal of Nuclear Medicine, Dr. Liu and colleagues from Peking University
Health Science Center reported the elegant use of multimodality, multi-parametric molecular
imaging to interrogate the biological effects of a drug in a mouse tumor model, which
revealed valuable insights into the mechanisms of the drug action and led to the design of a
combination therapy strategy with significantly improved efficacy (2).

The tumor model was generated using a human non-small cell lung cancer cell line stably
transfected with firefly luciferase (i.e. A549-fLuc), which allowed for convenient
measurement of tumor growth via bioluminescence imaging (BLI). Such measurement by
BLI can complement and cross-validate traditional tumor size measurement obtained via a
digital caliper. The three imaging agents used in this study span positron emission
tomography (PET), single-photon emission computed tomography (SPECT), and near-
infrared fluorescence (NIRF): 18F-FDG which is used daily in clinical oncology and reflects
tumor metabolic activity via PET (3); 9°™T¢c-3PRGD2 which was developed in their
laboratory for SPECT imaging of integrin a,f3 expression, currently in clinical investigation
(4); and the NIRF probe DyLight755-ranibizumab which is specific for human VEGF but
does not bind to murine VEGF (5). All these agents have been extensively studied and
rigorously validated previously.
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In the initial study, the investigators tested a single-agent treatment using dasatinib, a FDA-
approved drug that inhibits multiple tyrosine kinases such as the BCR-Abl and Src family
kinases, c-Kit, ephrin receptors, among others (6). After mice bearing A549-fLuc tumors
were treated with dasatinib for six consecutive days, neither BLI nor 18F-FDG PET showed
any statistically meaningful difference between the control and treated groups. Ex vivo
histological studies corroborated the in vivo finding, confirming the lack of anti-tumor
activity when tumor metabolism or proliferation was selected as the endpoint. As BLI

and 18F-FDG PET are routinely used to monitor the therapeutic efficacy of various
treatments in preclinical studies, one may come to the conclusion at this point that these
results merely indicate a failed pilot study.

However, the two molecular imaging agents used in this study came to the rescue.
Noninvasive imaging using %MTc-3PRGD2 and DyL ight755-ranibizumab both revealed
that the dasatinib-treated group showed significantly lower signal in the tumor, suggesting
that although there is no significant effect for dasatinib alone in reducing tumor metabolism
or proliferation, there are indeed important biological effects taking place after such single-
agent treatment, namely anti-angiogenic activity. After extensive ex vivo experiments to
decipher this finding, it was concluded that the mechanisms at work in these two imaging
studies do have subtle differences, even though both studies showed a decrease in signal and
both imaging targets (integrin a,f3 and VEGF) are closely related to tumor angiogenesis.

The decrease in signal from DyLight755-ranibizumab can be readily explained: since it is
specific for human VEGF, the reduced signal can be attributed to lower production of VEGF
by the tumor cells. Of note, VEGF has many isoforms, most of which are cell-membrane
bound and only VEGF2, is freely diffusible. Therefore, it is likely that the NIRF signal is
mostly from membrane-bound VEGF isoforms (e.g. VEGF1g5, VEGF1g9, VEGFqg, etc.).
Another potential contributing factor to the NIRF imaging results could be that dasatinib
reduces the solid tumor penetration of DyLight755-ranibizumab via inhibition of tumor
angiogenesis, an effect which may deserve to be studied in the future. Such effect is
generally more profound for antibody-based agents (e.g. DyLight755-ranibizumab) than
lower molecular-weight agents such as 99MTc¢-3PRGD2.

The explanation for decreased tumor uptake of ¥MTc-3PRGD2 in the dasatinib-treated
group requires much more investigation and elaboration. The data presented in the
manuscript suggested that there is no significant decrease in integrin a3 expression level
on the tumor cells based on staining with an antibody specific for human a3, LM609.
However, the expression of murine integrin a,f3 on the tumor vasculature was significantly
abrogated after dasatinib treatment. Furthermore, it was also confirmed that dasatinib caused
significant inactivation of integrin a,f3, which led to much weaker binding of the SPECT
tracer 9°MTc-3PRGD2. Taken together, the decrease of 9°™Tc-3PRGD2 uptake in the
dasatinib-treated group can be attributed to both of these factors: 1) decreased murine
integrin a,P3 expression on the tumor vasculature and 2) inactivation of integrin a, 3 by
dasatinib. It is highly likely that the latter happened on both A549-fLuc cells and tumor
vasculature endothelial cells, expressing human and murine integrin a3 respectively,
although it is difficult to tease this aspect out due to the lack of antibodies that can
differentiate activated integrin a3 from its inactivated form.
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Thanks to the molecular specificity of the imaging agents which provided exquisite
information, it is logical to hypothesize that adding another agent that can kill tumor cells
(since dasatinib is effective in inhibiting tumor angiogenesis) may lead to enhanced
therapeutic effect. Indeed, when docetaxel was added to the treatment regimen every other
day, the A549-fLuc tumor growth was significantly inhibited. Because the combination
therapy of dasatinib and docetaxel targets both tumor cells and tumor vasculature, all
subsequent imaging studies showed significantly reduced tumor uptake in the treated group,
corroborated by histological examination and confirmed the therapeutic efficacy.

This work is an elegant example of rationally designed, multimodal, multi-parametric
molecular imaging study that harnessed the tremendous power of molecular imaging and
turned a “failed pilot study” into a success story. If traditional anatomical imaging
techniques such as computed tomography or magnetic resonance imaging were used to
solely measure the tumor size, no biological/functional information would have been
obtained. Even 18F-FDG, a PET tracer that is used daily in the clinic, did not show any
therapeutic response since dasatinib alone is not effective in shutting down the tumor
metabolism or shrinking the tumor at the dose used. The addition of molecular imaging
agents to treatment planning is critical for a more detailed interrogation of the various
biological pathways affected by the drug(s).

A number of research avenues can be pursued in future studies. First, further optimization of
the combination therapy protocol will be needed. In this work, although the combination of
dasatinib and docetaxel significantly slowed tumor growth, the tumor size was not reduced.
Optimization of the dosing, as well as other drug combinations, may lead to better efficacy
which could eventually eliminate the tumor. Other treatment modalities may also be
explored such as targeted radiotherapy and Nanoplatforms (7) that can more efficiently
deliver drugs to the tumor. Second, most tyrosine kinase inhibitors are “dirty” inhibitors
since they bind to many kinases and inhibit a number of signaling pathways. In this study,
the focus was on Src, which pays a critical role in integrin signaling and activation, and
integrin, which has an intricate relationship with the VEGF/VEGFR pathway (8). Dasatinib
binds to many other targets as well, such as c-Kit and ephrin receptors. Thus, imaging of
other related pathways may reveal additional venues for future combination therapy. Third,
the quantitation for 18F-FDG PET was presented as the standard percentage injected dose
per gram of tissue (%I1D/g). However, the uptake of 9°™T¢c-3PRGD2 was presented as
tumor/muscle ratio, which is not ideal. Although this may be due to the traditional
qualitative nature of SPECT scanners, quantification with SPECT has becoming more
feasible (9), and additional quantitative data may provide even more insights into the drug
mechanisms. Fourth, as there are numerous new molecularly-targeted drugs under
development or commercially available, possible future research avenues in this area are
virtually unlimited.

Currently, there are many tracers available for the imaging of integrin a3 in the clinic,
including both PET and SPECT agents (10-13). For imaging of VEGF, 89Zr-labeled
antibodies have also entered clinical investigation (14). Therefore, similar studies can be
readily performed in the clinic to better tailor the treatment for individual cancer patients to
achieve more personalized and precise treatments. To realize the long term goal of precision
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medicine, multidisciplinary teams need to work together in a concerted manner, which also
mandates the regulatory agencies to lower the barriers for clinical translation of promising
PET/SPECT tracers, as well as optical agents for image-guided tumor resection. To date,
clinical development and investigation of these highly powerful molecular imaging agents is
primarily limited to major medical centers and institutions, inaccessible to the vast majority
of researchers, clinicians, and patients.

A few years ago, many preclinical treatment studies were relying on simple digital caliper
measurements of tumor size and sacrificing large numbers of animals at different time points
for various ex vivo studies like Western, histology, and others. With the wider availability of
better and more powerful tools, in terms of both imaging agents and instrumentation, more
complex studies like this are becoming increasingly more common from major research
groups and medical centers globally. Clearly, routine studies like this in the clinical setting
are still quite challenging, but the field of molecular imaging has matured and is steadily
moving in the right direction towards harnessing the tremendous power of molecular
imaging for more effective therapies. This progress, in combination with the advances in
other disciplines such as ex vivo sensing, genomic/proteomic/metabolomic tools,
immunotherapy, etc., has allowed the dawning era of personalized and precision medicine
for cancer patient management to be upon us today.
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