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Strategic Workshop on Cancer Nanotechnology:
In vitro Diagnostics and Prevention

Bethesda North Marriott Hotel & Conference Center
Bethesda, MD

February 20, 2008

As the Alliance for Nanotechnology in Cancer approaches the midway point of its five-
year funding, the National Cancer Institute is beginning the process of assessing the field
of cancer nanotechnology to determine what opportunities exist should the Institute seek
reauthorization of this initiative. Toward that end, the NCI’s Office of Technology and
Industry Relations (OTIR) has planned three strategic workshops on cancer
nanotechnology covering the areas of in vitro diagnostics and prevention, imaging, and
therapeutics. To each of these meetings, OTIR staff invited a wide range of experts from
industry, academia, the non-profit sector, and the Federal government, including those
from the National Institutes of Health and the U.S. Food and Drug Administration.
Researchers invited to the workshops included Alliance members and researchers
working outside of the Alliance.

The first of these workshops, on in vitro diagnostics and prevention, was held February
20, 2008. Because the workshop was to last only one day, OTIR staff provided the
attendees with a list of overarching questions that they were asked to consider before
arriving to the workshop. The overarching questions were:

e What are the most important goals (not just nano) in cancer
diagnostics/prevention that can be achieved within the next 5 years? Within the
next 10 years?

e What do you consider to be the most important scientific advances (list up to five)
made in using nanotechnology in cancer diagnostics/prevention during the last 3
years? Why are these advances so significant?

e In your own research discipline/environment, identify barriers (technical,
financial, organizational/managerial) that hindered you from reaching your goals?
Do you have any suggestions for how NCI could help in overcoming these
barriers?

e What are the most critical needs in order to integrate nanotechnology into cancer
diagnostics/prevention?

Short- to medium-term research aimed at clinically applicable results.
Long-term research aimed at new advances in nanotechnology applicable to
oncology?

e What are the overall strategy and infrastructure needs for advancing cancer
nanotechnology research in order to achieve these important goals? (Please be
specific; don't just say “more money”)
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To further guide discussion, OTIR staff provided attendees with a list of NCI’s thoughts
on possible “holy grail” applications for nanotechnology in cancer diagnostics and
prevention. These included:
e Personalized diagnostic "nano" kit to scrcen for 100 cancer-associated agents
within the time of a doctor's visit.
e Robust efficacy feedback monitoring platform for novel cancer therapeutic drugs
in clinical trial settings (reduce time from months to days or hours).
e Set of nanotechnology tools for "real-time" elucidation of nano/microenvironment
of cancer properties at both the intracellular and extracellular levels.

On the day of the meeting, Dr. Anna Barker, Deputy Director of the NCI, welcomed the
26 attendees and thanked them for helping NCI assess where nanotechnology can
continue making significant and revolutionary impacts on cancer. She noted though the
Alliance is not quite midway through its lifecycle, the process of renewing Alliance
funding will begin this fall with presentations to the NCI’s Board of Scientific Advisors.
OTIR staff needs the best ideas to help with this process in order to develop a
comprehensive set of bold, nanotechnology-enabled solutions to the major problems in
cancer.

Dr. Barker then reminded the attendees why the NCI is determined to bring the power of
nanotechnology to bear on developing new solutions to the major problems in cancer.
She cited the statistics for U.S. cancer deaths, but then noted that 70 percent of cancer
deaths occur outside of the United States. She added that an aging population means that
the number of people who develop cancer is only going to increase in the years ahead. It
is key, then, to develop new methods that enable cancer to be discovered earlier in its
development and ultimately to prevent it from occurring in the first place. She noted, too,
that early detection methods will also lead to better early-stage biomarkers, which in turn,
will lead to more effective therapies designed to target early stage disease. Prevention, of
course, is the ultimate goal, but developing effect cancer-prevention strategies — aside
from smoking cessation and wide-spread colonoscopy screening — is an enormous
undertaking that will take many years to come to fruition. As a result, developing new
early detection methodologies becomes even more important in the quest to reduce the
incidence and mortality from cancer.

Next, Dr. Piotr Grodzinski, Program Director of the NCI Alliance for Nanotechnology
in Cancer, reiterated Dr. Barker’s thanks for helping Alliance program staff with the task
of identifying the best opportunities in cancer nanotechnology. He then laid out the goals
of the meeting, which were to answer the following questions:

e What are the major needs of cancer diagnosis?

e Where can nanotechnology play a role?

e Where are the current gaps in knowledge?

e What are future strategic approaches?
What the research infrastructure needs in cancer nanotechnology?
e What the major funding needs?

He reminded the participants that the Alliance currently has six areas of focus:
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Molecular imaging and early detection

In vivo imaging

Reporters of efficacy

Multifunction therapeutics

Prevention and control

Research enablers

It is the NCI’s desire, he noted, to develop a matching area of focus in in vitro diagnosis.

He then described the plan for the day. The workshop would start with a talk on oncology
needs and a second presentation on technology solutions. This would be followed by
discussions among three working groups that would develop a first-take set of proposals.
Following lunch, there would be two additional presentations, one each on oncology
needs and technology solutions, and then the workgroups would deliberate further and
develop a final set of recommendations. Each working group would report to the
assembled attendees following each set of deliberations.

Steven Rosen, M.D., Director of the Robert H. Lurie Comprehensive Cancer Center at
Northwestern University, gave the first formal presentation on the needs of the oncology
community. He began by discussing cancer statistics — that cancer causes 23 percent of
U.S. deaths, making it the second leading cause of death; that the incidence of cancer is
rising because of demographics, and that cancer will soon surpass heart disease as the
leading killer of Americans; that the 5-year survival rate is currently 64% for adults and
70 percent for children; and that there are currently some 10 million cancer survivors in
the U.S. He noted that the survival rates for some forms of cancer — thyroid, testicular,
melanoma, prostate, Hodgkin’s lymphoma, uterine, bladder and breast cancer all have 5-
year survival rates exceeding 80 percent, though even those rates are still unacceptable.
However, survival statistics for other cancers, such as lung, esophageal, myeloma, and
pancreatic, are particularly grim; these are the silent cancers that are hard to diagnose at
an early stage.

Dr. Rosen noted, too, that current screening technologies are still primitive.
Mammography, for example, still misses tumors in dense breasts, and while MRI can
detect such tumors, it is also not specific enough to find use as a widespread diagnostic
tool. PSA is a good, but not great, diagnostic indicator for prostate cancer, and even
though colonoscopy is an outstanding diagnostic technology for colon cancer, many
American chose to take a pass on having regular colonoscopy because of the discomfort
and unpleasantness of this technology. PET/CT scans have shown great promise in
distinguishing malignant from benign tumors, but the cost of this technology is
prohibitive as far as it becoming a routine diagnostic tool.

Targeted cancer therapies, Dr. Rosen said, represent the future of oncology, the real
revolution that he predicted will produce marked improvements in cancer survival rates.
Naked antibodies, such as Rituxin and Herceptin, are the first successful examples of
targeted therapies, but there are others as well. Antibodies have shown promise as
carriers of radiotoxins, though bone marrow toxicity is a problem that may be solved
using novel delivery methods. Recombinant toxins linked to targeting agents, one of
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which has been approved to treat cutaneous lymphoma, should begin making a
significant impact on cancer therapy in the years ahead. Interferons have also
demonstrated utility, particularly for treating blood malignancies, and new PEGylated
versions have the potential to overcome one of the significant side effects of interferon
therapy, namely the development of anti-interferon antibodies in 10-20 percent of
patients. Hormonal therapies — steroids, dexamethasone, and retinoids — have proven to
be very effective in treating some types of cancer, though some tumors develop resistance
to steroid therapy

Now, nanotechnology is beginning to have an impact. Doxil, a PEGylated liposome
containing doxorubicin, has shown remarkable effects against cutaneous lymphomas
thanks to its ability to target skin. Similarly, Abraxane appears to improve the efficacy of
taxanes while decreasing associated toxicities. But Dr. Rosen then noted that he would
like to see nanotechnology used to better monitor therapeutic efficacy, which today relies
on rather primitive methodologies. He also called on researchers to use nanotechnology
to attach the problem of drug resistance that many tumors develop even to newer types of
therapies. Nanotechnology, he added, should also be able to provide novel methods for
detecting and profiling early stage cancers, and for enabling surgeons to delineate tumor
margins and sentinel lymph nodes. In his opinion, nanotechnology is well positioned to
provide improved methods for imaging and staging cancers and for more effectively
delivering therapeutics in a targeted manner to tumors. Ultimately, he said in closing, if
nanotechnology can be used to detect tumors at a very early stage, that is, before tumors
begin to vascularize and metastasize, cancer will become a disease that will become
amenable to complete cure via surgical resection. The number of lives saved, not to
mention the amount of money saved, would be stunning.

Dr. David Walt, Ph.D., Professor of Chemistry at Tufts University, then provided one
overview of the technology side of in vitro diagnostics. The goal for those developing
new diagnostics is to be able to take a blood sample, for example, and determine the
presence of cancer that would ideally identify the type of tumor present, specify the
appropriate therapy, and predict the outcome of that therapy. Alternatively, one can
imagine using non-invasive imaging to accomplish the same goal. There are two broad
approaches to developing such a diagnostic technology: measuring one biomarker with
high specificity and sensitivity or measuring multiple markers to provide a diagnostic
signature. Nanotechnology’s role can be to detect existing markers at lower
concentrations or identify and detect new markers.

Potential targets for markers, said Dr. Walt, include proteins and their modified forms,
nucleic acids and their modified forms, cells surface markers such as carbohydrates and
proteins, molecular lesions, and small molecules or panels of small molecules such as
cytokines. These markers can be measured individually or in a multiplexed system. He
cautioned, though, that it is important to ask what a useful is and to validate new markers
in a thorough and clinically relevant manner.

Nanotechnology presents many opportunities for advancement in understanding and
diagnosing cancer, said Dr. Walt. Nanoscale systems can allow researchers to observe
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new biological phenomena associated with cancer, which can provide better recognition
of the important molecules and systems involved in cancer. In addition, nanotechnology-
based technologies allow for single molecule detection as well as higher sensitivity and
specificity of cancer-related molecules. The unique functionality of nanoscale devices
may also lead to universal diagnostic methodologies that encompass not only cancer but
other chronic and acute diseases.

Dr. Walt then turned to the subject of biomarker discovery, raising the question, “What
cancer markers should be measured using new nanotechnologies?”” On the one hand,
nanoscale analytical technologies make it possible to measure much lower concentrations
of existing markers, while on the other hand, it should be expected that the improvements
in sensitivity possible with nanotechnology should lead to the discovery of new markers
with diagnostic value. In fact, Dr. Walt predicted that new analytical capabilities enabled
by nanotechnology will lead to new discoveries that will change cancer diagnostics in a
revolutionary manner. He then raised one cautionary question — given the presumption
that the human body is capable of destroying at least some microscopic tumors before
they become a threat, will it necessarily be useful to detect all microscopic tumors and
treat them? In raising this question, Dr. Walt sparked an interesting discussion on the
value of early detection that clearly came down on the side of yes, early detection will
improve the treatment and prevention of cancer.

Dr. Walt then ran though a hypothetical calculation to determine what type of sensitivity
IS necessary to detect low abundance proteins. He started with the assumption that there
would be approximately 5000 copies of that protein per cell and that there might be one
million circulating cells sloughed off from a tumor of that the protein is secreted from a
one cubic millimeter tumor comprising one million cells. Given these assumptions, there
would be approximately 8.3 femtomoles of that protein in circulation, translating into a
protein concentration of 1.6 femtomolar. Current analytical technology is about 5-6
orders of magnitude short of that value. In addition, single molecules and single cells are
stochastic, which means that any given sample may not be truly representative of the real
concentrations of a single molecule. As a result, Dr. Walt argued, improved cancer
detection of early stage cancer will have to depend on the development of arrays
measuring multiple markers, and that these are likely to be micro arrays, not nano arrays.

Where nanotechnology will prove important is in sequencing. Dr. Walt predicted that
nanotechnology-enabled sequencing methods being developed will make it possible to
decipher the genomics and proteomics of cancer, particularly of single cells. The field
must make a switch, he added, from conducting deep sequences on a few samples to
more shallow sequencing efforts — directed by advances in our understanding of cancer
genetics — of large numbers of samples.

He then turned his attention to the issue of improving the specificity of biomarker assays.
The key issue relating to improved specificity is non-specific binding. Aptamers and
other novel types of binding reagents have not improved specificity, he noted, as these
agents still have nanomolar binding constants rather than the femtomolar binding
constants needed to detect rare proteins with the required level of specificity.
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Sample preparation is also a genuine bottleneck in cancer diagnostics, he said,
particularly in terms of isolating and concentration single cancer cells for analysis.
Nanotechnology is addressing this issue and should be able to solve it, as evidenced by
several recent papers in the literature. Another area where nanotechnology will make a
significant impact, he predicted, will be in imaging, with nanoscale devices improving
targeted delivery, tissue penetration, specificity, and toxicity.

In the next presentation, Greg Shipp, M.D., Ph.D., Vice President and Chief Medical
Officer of Nanosphere, Inc., spoke about his company’s development of technology for
early detection and monitoring therapeutic response with ultrasensitive biomarker assays.
This assay system utilizes breakthrough nanotechnology, developed by Chad Mirkin,
Ph.D., Principal Investigator of the Alliance-funded Center for Cancer Nanotechnology
Excellence at Northwestern University, for direct genomic detection and ultrasensitive
biobarcode detection of proteins.

Nanosphere’s goal, explained Dr. Shipp, is to move diagnostics technologies away from
limited access, esoteric testing that utilizes batch processes, involves long turn-around
times, and requires specialized labor, facilities, and equipment. Instead, Nanosphere is
striving for a decentralized system, featuring high reliability, specificity and accuracy,
that can achieve broad market adoption. This system will run multiple types of assays,
i.e., genomic and proteomic analyses, at low cost on a universal platform that is operator
independent and that includes automated data interpretation. It is designed to be used in
doctors’ offices, and was engineered to be modular with very few moving parts. The first
protein-based applications of this system will be for early detection of PSA, an ovarian
cancer marker, troponin | for myocardial infarction and unstable angina, two Alzheimer’s
disease markers, several HIV markers, and a test for the prion responsible for mad cow
disease. This sytem has already received FDA clearance for two gene-based assays for
hypercoagulation and Warfarin sensitivity.

After describing the biobarcode assay, which uses a gold nanoparticle probe as a key
element, Dr. Shipp discussed how such a rapid and sensitive test could improve prostate
cancer monitoring after surgical prostatectomy, given that up to 40% of men who initially
have undetectable PSA levels using conventional detection technology develop
recurrence of disease even after radical prostatectomy. The working hypothesis is that
PSA levels will be measurable, albeit at very low levels, in all patients, but that it should
be possible to assign a PDA level to those with no evidence of disease who would then be
candidates for modified surveillance protocols. Such monitoring would decrease the time
to detection of recurrence so that potentially curative treatments could be initiated and
patients could be enrolled in clinical trials before metastatic disease developed.

In a pilot study, 18 patients were followed after radical prostatectomy, nine with and nine
without biochemical recurrence defined by any post-operative PSA value exceeding 200
pg/mL. The limits of detection for current is approximately 100 pg/mL, while the
biobarcode assay’s limit of detection is lower than 5 pg/mL. Two important findings
came from this admittedly small and retrospective study: first, that the biobarcode assay

Page 6 of 14





Strategic Workshop on Cancer Nanotechnology: In-vitro Diagnosis & Prevention

was able to detect biochemical recurrence that was not identified using standard
technology, and second, that the biobarcode assay would have provided a much earlier
indication of recurrence, which could have enabled earlier treatment and perhaps a better
prognosis for patients with recurrent disease.

In the final formal presentation, Paul Yager, Ph.D., Acting Chair and Professor of
Bioengineering at the University of Washington, spoke about the most promising, non-
imaging technologies for early diagnosis, as well as the technical challenges facing the
development of those technologies. He began his talk by noting that a well-developed set
of in vitro diagnostics for cancer, one that could measure 100 cancer-associated agents
within the time of a doctor’s visit, could disrupt the market for imaging technologies.
Other wish list items, which Dr. Yager said could come from the successful application
of nanotechnology, would include a robust efficacy feedback monitoring platform for
novel cancer therapeutics in clinical trials settings that would reduce the time needed to
determine possible efficacy from months to days or hours, and a set of nanotechnology
tools for real-time elucidation of the microenvironment of cancer properties at both the
intracellular and extracellular levels. The successful development of any of these items
would restate the problem of cancer diagnosis by enabling physicians to detect cancer
before imaging would work.

Dr. Yager then discussed how better methods for cancer surveillance would enable
cancer prevention. He noted that genotyping is presumably the best starting point, but
genotyping must be made far less expensive. One route to signficant cost reductions
would involve developing genotyping methods that only identify specific cancer genes
rather than sequencing the entire genome. Such genotyping information would identify
who would need to be screened using other diagnostic panels. These panels would then
be used to find early-stage disease, that is, when the primary tumor is small and isolated,
by looking at markers present at very low titers in body fluids. These markers could be
peptides, proteins, RNAs, or markers of inflammation and anomalous cell growth. In this
context, he made a modest proposal that perhaps one way of identifying early-stage
disease may require providing a stimulus that produces measureable quantities of a
stimulus-specific, cancer-specific biomarker.

But there is also a need, Dr. Yager added, for new methods to better detect mid-stage
disease, that is, when a primary tumor has just begun to metastasize, and to better monitor
the progression of late-stage disease, particularly in conjunction with aggressive therapy.
Indeed, new methods of monitoring therapy that would not only monitor efficacy but also
enable oncologist to monitor chemotherapeutic levels to optimize therapy are badly
needed.

Dr. Yager then proposed that the diagnostics development community needs to
concentrate its efforts on spending money only on diagnostics for which there is a well-
defined path for commercialization that considers not only the proposed market, but also
intellectual property issues. The NCI, said Dr. Yager, should consider providing
commercialization advice before a funding proposal is submitted via a pre-proposal
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mechanism. He then asked, “What would constitute a practical diagnostic for cancer?”
Answering this question requires asking additional questions, such as:

How frequently need the test be made?

Where is the test made?

Who performs the test?

How long can the test take?

How much can it cost?

Who will market and distribute the test?

Are those commercial entities interested in the technology?

Is the diagnostic disruptive of an existing revenue stream for someone?

He also noted that it is important to clearly define if a diagnostic is going to identify
constitutive biomarkers, either singly or multiplexed; stimulated biomarkers; or
anomalous cells in fluids or tissues. There are also methodological issues to consider. For
example, if a diagnostic is going to be a single-use disposable, it must involve low-cost
measurement technology, consist of disposables that carry all necessary reagents, have
low maintenance costs and short cycle times between samples, and be suitable for use in
moderate throughput hospitals, doctors’ offices, and point-of-care or home use. On the
other hand, if the diagnostic is going to be part of a multiplexed sytem performed on a
multi-use instrument, then the measurement technology can cost more, and have higher
maintenance coasts, but it also will require cleaning between analyses to prevent
contamination and be better suited to use at a centralized laboratory facility. The makeup
of the biosample must also be considered.

Dr. Yager also pointed out that there are many venerable detection technologies available
that are quite good for limited-scale use, but that aren’t amenable to wide-spread testing.
Newer technologies, such s those involving quantum dots and Raman probes, nanowires,
and nanoscale cantilevers may be more applicable to the type of large-scale testing
needed for early-stage cancer detection and prevention.

One major issue facing the field today involves the lack of good capture agents.
Antibodies, for example, are often heterogeneous and are variable in terms of temporal
and thermal stability as well as in their ability to bind to surfaces. In addition, antibody
vendors do not sell the engineering grade products needed to create dependable,
consistent diagnostic assays. Other capture agents, including nucleic acid or protein
aptamers and templated materials, are not ready for wide-scale use yet. To solve the
capture reagent problem, Dr. Yager suggested taking an engineering approach that would
involve creating an organization or facility specifically for developing antibodies and
antibody replacements, and for developing standardized fermentation methods of
production. This approach would also settle on one particular class of capture molecules
so that surface binding, immobilization characteristics, stability, and lifetimes would be
similar. This entity would sell capture reagents at cost to research groups and would
receive feedback that would enable it to produce better products.

Dr. Yager then described why he believes that microfluidics can help enable large-scale
diagnostics for cancer. Microfluidics, he said, have the potential to automate complex
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procedures, reduce the volume of biospecimen needed for analysis, and run many tests in
parallel. Waste is reduced using microfluidics, and there is a real potential for significant
cost-reductions thanks to the potential for mass production of microfluidic devices. Dr.
Yager cautioned, though, that developers not focus all their efforts on developing devices
with exquisite sensitivity, because the ability to detect single molecules is more amenable
to exploring mechanisms that it is to counting the number of molecules in a sample.
Along the same lines, ultrasensitive detectors are mostly suited for use with small sample
volumes, but any method developed to detect low-concentration analytes must use high
volume samples. What really counts instead is that diagnostic technology must be fast,
have the ability to measure multiple analytes simultaneous, have low signal-to-noise
ratios in real clinical samples, and with accuracy that meets clinical needs. Perfect, he
added, is often the enemy of good.

Dr. Yager then discussed two research projects from his laboratory. One project aims to
develop an integrated system for measuring analytes in saliva using surface plasmon
resonance and a disposable microfluidics card incorporating all necessary reagents. His
group is now validating this system by monitoring the concentrations of small molecule
drugs in saliva. A second project, funded by the Bill and Melinda Gates Foundation, aims
to produce a diagnostics box, or DxBox, that would be amenable for making rapid
diagnoses of disease in the developing world. The heart of the DxBox is a flow-through
membrane assay that captures analytes and uses a color change as the diagnostic
indicator.

WORKING GROUP BRAINSTORMING ACTIVITY AND REPORTS

Following Dr. Yager’s talk, the attendees split up into three pre-assigned working groups
to brainstorm answers to the overarching questions that Dr. Grodzinski presented at the
beginning of the day. After an hour’s discussion, the attendees reassembled and the
working group leaders presented each group’s report.

Working Group 1 report
This working group spent some time discussing the definition of nanotechnology and
decided that for the NCI’s purposes, nanotechnology refers to molecular constructs,
aggregates and devices with nanoscale features. The working group noted that
definitional issues are important to the FDA, and also commented that distinction needs
to be made between therapeutic nanotechnology and environmental nanotechnology. The
working group also discussed different stages of cancer relevant to cancer detection, with
the focus at the single cell level, particularly on detecting mutations; at the 1000-cell
level, where cell surface markers may begin to appear, and the 1 millimeter stage, where
anoxia appears along with widespread changes in expression of proteins and networks.
The working group also identified some issues that diagnostic developers must address,
including:
e Preparing the patient for sample donation — can carriers be administered prior to
sample collection to ensure trace biomarkers are recovered?
e Sample collection issues, such as in vivo collection using injected particles, as
well as sample preservation
e Sample preparation issues, including sample concentration techniques
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e Analytical issues, such as signal to noise and signal to background, and the
consideration that chemists and biologists approach these problems differently.
Chemists and biologists, for instance, try to increase signal, while physicists look
to reduce noise and the medical community works to make sense of poor signals
by developing techniques to increase signal to background.

o Cost

The working group also identified what it termed big issues in analysis. For example,
should measurements be static or dynamic, that is, should a diagnostic decision depend
on a single measurement of a biomarker or on a change in biomarker levels over time.
There are also issues about the signal itself — should it be a measurement of
concentration, binding affinity, or numbers of molecules. Molecular recognition is a key
issue that needs to be better understood, and multivalency is a feature that should be
better utilized. New detection technologies, such as plasmonics and magnetics, may hold
promise for improved signal detection, as may new amplifying methods and digital
technologies. The working group also voiced concerns about binding to inert surfaces and
non-specific binding as confounding factors.

The working group identified four important goals in cancer diagnostics:
e Single-cell analysis of circulating tumor cells
e Time-derivative analysis enabled by the development of low-cost, chronic
measurement technologies
e Microfluidics-based technologies to produce a $1000 genome
e Development of a statistical definition of “normal”

The working group then identified a number of major barriers that are getting in the way
of reaching these goals. They included:
¢ Blinding conservatism and self-interest of the peer review system
e The omnipresence of genomics when perhaps other types of analysis may be more
relevant
o Integration of physical and life sciences with clinical relevance
e Cost of capital, particularly in light of the new emphasis of venture capitalists on
funding alternative energy research rather than nanotechnology and biomedical
research
¢ Regulatory process for nanotechnology are in flux
¢ Silo mentality in academia impedes what is inherently a multidisciplinary field of
research
e The slow adoption of information technologies in biomedicine
e The perception of limited postgrad opportunities and the implosion of the
pharmaceutical industry is leading to poor morale among young investigators and
could scare off the talent needed to achieve goals

Lastly, the working group noted several ways in which nanotechnology could contribute
to meeting the goals identified by the working group. These included:
e Dramatically improved analysis capabilities, including completely new methods
of signal detection
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The development of inert surfaces

Single cell and single molecule analyses

High selectivity and high affinity systems for molecular recognition

New capabilities for making metabolic correlations between anoxia response and
changes in glycolysis, for example, and the development of cancer or the
occurrence of metastasis

Multiplexing measurements of many biomarkers

Working Group 2 report

This working group spent its time discussing the role that nanotechnology can play in
contributing to the development of new diagnostics that will enable the earlier detection
and prevention of cancer. The working group’s list of potential contributions included:

The development of new diagnostics based upon bodily fluids, including blood,
serum, CSF, urine, stools, or saliva. The group also wondered if breath can be
used in certain cases

Validation of new cancer specific markers thanks to higher sensitivity
measurements and lower limits of detection, and higher specificity of detection. In
particular, nanotechnology should lead to new assays with lower cost and higher
sensitivity

Low-cost panel assays for multiple protein markers, such as those being
developed already for ovarian cancer

New recognition agents — better antibodies or antibody equivalents
Multifunctional capabilities — one platform capable of detecting nucleic acid and
protein

Multifunctional probes — intracellular identification of markers combined with a
subsequent imaging or therapeutic event

Probes that can localize intracellular concentrations of an analyte and then be
addressed and triggered to release a therapeutic payload

Working Group 3 report
This working group addressed the most important goals in cancer diagnostics and
prevention that might be achieved within the next 5-10 years. Its list included:

Improved biospecimen sampling and validation, which is absolutely critical for
retrospective studies and biomarker validation. This area is a bit chaotic right
now and in need of high-quality measurement science that could be incorporated
into the Alliance Centers for Cancer Nanotechnology Excellence.

Early and informative detection that could including monitoring the immune
system to determine if the immune system is attacking the tumor or supporting it,
information that would contribute to clinical decisionmaking.

Capturing the heterogeneity of a tumor, including the identify of tumor cell
subsets, immune cells, and cancer stem cell within a given tumor. This
information could be applied towards the use of combination therapies and better
disease management.

Improving access to currently inaccessible organs such as brain, pancreas, lungs,
and ovaries.
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e Developing non-invasive phenotyping to assess tumor physiology and
architecture.

FINAL WORKING GROUP DELIBERATIONS AND RECOMMENDATIONS

After informal lunchtime discussion among the workshop participants, the working
groups gathered again and developed recommendations for action based on their earlier
brainstorming activities.

Working Group 1 report
This working group stressed two priorities regarding the development of improved in
vitro diagnostic for cancer detection and prevention:

1. The NCI should stress the need to bring some rationale to the development and
validation of biomarkers by looking at cancer-specific biology as a guide to the
search for functional markers as well as biomarkers and multi-marker signatures.
Such studies could also search for entirely new types of markers, such as necrotic
tissues, anoxia, and other pathological histological or physiological states specific
to cancer.

2. Technology development, including

a. Novel nanoparticles for better interrogating cells with the aim of
distinguishing between malignant and non-malignant cells and for
studying cell variability within tumors.

b. Nanoparticles with new electronic, photonic, and magnetic properties

c. Inert and non-absorbing surfaces to address the fact that the surface-to-
volume ratio of nanoscale materials is enormous.

d. Nanoscale materials that can separate and concentrate markers from
clinical samples.

e. Nanoscale devices and materials for making time-derivative
measurements

f. Nanomaterials capable of assaying for cellular functions, such as
differentiation and dedifferentiation; drug import, export, and pumping;
cellular phosphorylation levels; anoxia; and genomic damage.

Working Group 2 report
This working group’s deliberations focused on advances in nanoscience and
nanotechnology that could impact in vitro diagnostics or intracellular detection of cancer.
It’s list included:

e Novel nano-enabled methods for increasing ligand target specificity

¢ Novel nanomaterial-enabled ways of amplifying target recognition events (PCR
equivalents for non-nucleic acid targets such as proteins, small molecules, and
metal ions
Nanotechnology approaches to signal amplification
Nanotechnology approaches to increase signal-to-noise in an assay
Nanotechnology approaches to simpler, lower cost readouts
Nanotechnology approaches to multiplexing, especially in other than nucleic
acids, for 10 or more targets simultaneously to enable panel assays
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e The use of nanoscale assays and increased analytical capabilities to validate new
markers. The Alliance needs a “slam dunk” to demonstrate the utility of
nanotechnology and to show how to push one or more technologies to fruition.
One good candidate would be a low-cost, multiplexed assay for ovarian,
pancreatic, or lung cancer.

e Nano assays that work over short periods (<2 hours) that would allow a surgeon
to detect cancerous tissue during surgery for margin assessment, which would
improve upon pathology analysis.

¢ Nanotechnology-enabled assays that work in plasma/serum and other easily
accessible bodily fluids, making detection/screening less invasive

e The NCI-Biomarker Consortium needs to interface with the nanotechnology
efforts to identify potential markers that can be coupled with nanotech platforms
with increased analytical capabilities

This working group also noted that there is a need to balance new technology
development and translation with developing new ideas and basic knowledge in order to
maintain the pipeline of new nanoscale in vitro diagnostics. Its members also commented
that there needs to be an emphasis on team approach to nanotechnology development. A
marriage between researchers at the medical schools and those in science and engineering
departments is required to fully tap the opportunities of nanoscience and nanotechnology
in the field of oncology.

Working Group 3 report
This working group focused its discussion on developing a list of short- and intermediate-
term projects and long-term projects. Short- and intermediate-term projects would
include:
e Standardizing biospecimen collection, storage and patient history for validation of
nanotech diagnostics and treatments
e Demonstrating the clinical utility of nanotechnology-enabled diagnostic platforms
in one or two cancer types that have poor survival rates now
e Developing novel molecular reagents with unprecedented affinity, specificity and
stability, and that are superior to conventional antibodies.

On the long-term timeframe, the working group identified one project:
e Noninvasive phenotyping that would act as a nano-pathologist to detect pre-
neoplastic and neoplastic lesions in vivo by observing changes in cellular
architecture.

The workshop closed after a discussion of funding mechanisms, with some participants
arguing for a DARPA-style funding initiative and others expressing a desire for funding
more fundamental research into nanoscale materials and their behavior in the body. The
workshop participants were in agreement regarding the value of focused research aimed
at bringing at least one in vitro nanotechnology-enabled diagnostic assay into the clinic,
but there was some discussion about whether NCI should be funding this type of
translational research or whether that should be left to the private sector. Along the same
lines, there many comments that procuring funding for either cutting edge research or
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fundamental research was difficult because of what some attendees attributed to the
reluctance of grant review committees to value either type of research. There were also
suggestions that NCI could play an important role in coordinating biomarker validation
efforts with ongoing NCI-sponsored clinical trials.
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Strategic Workshop on Cancer Nanotechnology:
In Vivo Diagnosis and Imaging

Bethesda Marriott Hotel
Bethesda, MD

March 28, 2008

As the Alliance for Nanotechnology in Cancer approaches the midway point of its five-
year funding, the National Cancer Institute is beginning the process of assessing the field
of cancer nanotechnology to determine what opportunities exist should the Institute seek
reauthorization of this initiative. Toward that end, the NCI’s Office of Technology and
Industry Relations (OTIR) has planned three strategic workshops on cancer
nanotechnology covering the areas of in vitro diagnostics and prevention, therapeutics,
and in vivo diagnostics and imaging. To each of these meetings, OTIR staff invited a
wide range of experts from industry, academia, the non-profit sector, and the Federal
government, including those from the National Institutes of Health and the U.S. Food and
Drug Administration. Researchers invited to the workshops included Alliance members
and researchers working outside of the Alliance.

The third last of these workshops, on in vivo diagnosis and imaging, was held March 28,
2008. Because the workshop was to last only one day, OTIR staff provided the attendees
with a list of overarching questions that they were asked to consider before arriving to the
workshop. The overarching questions were:

e What are the most important goals (not just nano)for in vivo diagnosis and
imaging that can be achieved within the next 5 years? Within the next 10 years?

e What do you consider to be the most important scientific advances (list up to five)
made in using nanotechnology for in vivo diagnosis and imaging during the last 3
years? Why are these advances so significant?

e In your own research discipline/environment, identify barriers (technical,
financial, organizational/managerial) that hindered you from reaching your goals?
Do you have any suggestions for how NCI could help in overcoming these
barriers?

e What are the most critical needs in order to integrate nanotechnology into in vivo
diagnosis and imaging?

Short- to medium-term research aimed at clinically applicable results.
Long-term research aimed at new advances in nanotechnology applicable to
oncology?

e What are the overall strategy and infrastructure needs for advancing cancer
nanotechnology research in order to achieve these important goals? (Please be
specific; don't just say “more money”)
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To further guide discussion, OTIR staff provided attendees with a list of NCI’s thoughts
on possible “holy grail” applications for nanotechnology in cancer diagnostics and
prevention. These included:
e Design tools to look beyond tumor size (e.g., microenvironment, follow
metastasis)
e Tool to identify tumors that are far smaller (100x, 1000x) than those detectable
with today’s technology
e Robust efficacy feedback monitoring tools for novel cancer therapeutic drugs in
clinical trial settings (reduce time from months to days, hours)
e Multifunctional nanoparticle systems capable of diagnosis AND subsequent
tailored therapy with controlled release
e Nanoparticle platform for effective (and controlled) delivery to brain (crossover
of blood-brain barrier)

Dr. Piotr Grodzinski, Program Director of the NCI Alliance for Nanotechnology in
Cancer, began the meeting by thanking those in attendance for helping Alliance program
staff with the task of identifying the best opportunities in cancer nanotechnology. He then
laid out the goals of the meeting, which were to answer the following questions:

e What are the major needs of cancer diagnosis and imaging?
Where can nanotechnology play a role?
Where are the current gaps in knowledge?
What are future strategic approaches?
What the research infrastructure needs in cancer nanotechnology?
What the major funding needs?

He reminded the participants that the Alliance currently has six areas of focus:
e Molecular imaging and early detection

In vivo imaging

Reporters of efficacy

Multifunction therapeutics

Prevention and control

Research enablers

He then described the plan for the day. The workshop would start with a talk on oncology
needs and then two talks on the technical challenges confronting the use of
nanotechnology in cancer and the most promising nano technologies that may overcome
these challenges. This would be followed by discussions among three working groups
that would develop a first-take set of proposals. Following lunch, there would be two
additional presentations, one each on oncology needs and technology solutions, and then
the workgroups would deliberate further and develop a final set of recommendations.
Each working group would report to the assembled attendees following each set of
deliberations.

Following Dr. Grodzinski’s introduction, Dr. Anna Barker, Deputy Director of the NClI,
welcomed the attendees and joined Dr. Grodzinski in thanking them for helping NCI
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assess where nanotechnology can continue making significant and revolutionary impacts
on cancer. She noted though the Alliance is not quite midway through its lifecycle, the
process of renewing Alliance funding will begin this fall with presentations to the NCI’s
Board of Scientific Advisors. OTIR staff needs the best ideas to help with this process in
order to develop a comprehensive set of bold, nanotechnology-enabled solutions to the
major problems in cancer.

Dr. Barker then reminded the attendees why the NCI is determined to bring the power of
nanotechnology to bear on developing new solutions to the major problems in cancer.
She cited the statistics for U.S. cancer deaths, but then noted that 70 percent of cancer
deaths occur outside of the United States. She added that an aging population means that
the number of people who develop cancer is only going to increase in the years ahead,
perhaps by as much as 30-50 percent. It is key, then, to develop new methods that enable
cancer to be discovered earlier in its development and ultimately to prevent it from
occurring in the first place. She noted, too, that early detection methods will also lead to
better early-stage biomarkers, which in turn, will lead to more effective therapies
designed to target early stage disease, but we’re still struggling with the idea of how to
detect the very earliest stages of cancer. Prevention, of course, is the ultimate goal, but
developing effect cancer-prevention strategies — aside from smoking cessation and wide-
spread colonoscopy screening — is an enormous undertaking that will take many years to
come to fruition. As a result, developing new early detection methodologies becomes
even more important in the quest to reduce the incidence and mortality from cancer.

Dr. Barker reminded the attendees to try to be visionary. The first two workshops did, but
this may be the most important one because in vivo imaging may be the most impactful
use of nanotechnology that is closest to the clinic. She noted that the FDA today uses
only two metrics for approving anticancer drugs: survival and, sometimes, time to
progression. The use of biomarkers as surrogate endpoints for gaining drug approvals has
not met with success, to date, but the FDA has signaled that in vivo imaging may be a
suitable surrogate marker for survival and time to progression. As a result, the NCI is
eager to capitalize on the FDA’s openness, particularly given that sensitive imaging
technologies, if used as surrogate markers, could greatly speed the drug testing and
approval processes. In addition, improving diagnosis by detecting tumors at ever small
stages, using in vivo imaging, opens new opportunities for improving treatment, as well
as for understanding metastasic processes.

James Olson, M.D., Ph.D., of the Fred Hutchinson Cancer Research Center, gave the
first formal presentation of the day, presenting an oncologist’s wish list for imaging. This
list included:
e Early detection
Diagnose tumor type without pathology/surgery
Define all metastases — where they are and if surgery is necessary
IHluminate tumor inter-operatively
Identify sentinal lymph nodes
Show therapy is being delivered to the tumor
Show that the tumor is responding to the therapy
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e ldentify emerging resistance

Of these items, Dr. Olson said his top wish is that imaging could improve pre-operative
diagnoses. Today, imaging provides a list of possible tumors, with surgery and then
pathology being used to actually identify the tumor and determine therapy. His hope is
that it will be possible over the next few years for imaging to develop so that it can be
used to identify a few specific types of cancer and eliminate the need for surgical biopsy.
One tumor for which this might be particularly beneficial is glioma, where today,
pathological examination is needed to differentiate between low-grade glioma and high-
grade glioma, which have much different therapeutic regimens and likely outcomes. The
reason why imaging could be particularly useful is that recent animal studies have
suggested that the injury resulting from surgery may in fact trigger a long-term process
that may cause low-grade glioma to progress to high-grade glioma. Eliminating the need
for surgical biopsy could, at least in theory, avoid this inflammation-related trigger and
thus actually reduce the mortality of glioma.

Dr. Olson then asked the audience to consider if nanotechnology-enabled imaging
methods could be used to differentiate among tumors by amplifying signals from rare
events, such as mitosis and anaplasia, and to detect the differences between open and
closed chromatin. Each of these measures could then differentiate between different types
of tumors. Other diagnostically useful measures that might be amenable to detection
using nanotechnology-enable imaging include differences in the ratio of the nucleus to
the cytoplasm in suspected tumors, differences in oxygen tension, pH differences,
heterogeneity, and specific tumor markers.

His second priority would be to develop nanotechnology-enabled imaging methodology
that would monitor response to therapy in real time. Indeed, he felt that this might be the
most readily accomplished task over the next five years, as well as one with a huge
potential impact in clinical oncology. Eliminating the need to wait months to determine if
therapy is effective, the current mode of operation, could greatly improve the quality of
life for patients by getting patients off ineffective drugs that could cause adverse side
effects, and decrease the likelihood that drug resistance might develop before an effective
therapy is found for a particular patients. And as Dr. Barker noted earlier, using imaging
to determine if a therapy is working over the course of hours or days would impact both
the speed and cost of doing human clinical trials with new anticancer agents.

To date, said Dr. Olson, annexin V has been the major focus of those trying to develop
imaging methods to detect apoptosis following chemotherapy. However, this marker has
been problematic, working well in vitro and in various animal models, but failing because
it is not sensitive enough to spot low but increased levels of apoptosis, which is that most
anticancer drugs would be expected to produce in the initial stages of treatment. In
addition, the spatial resolution of annexin V monitoring is not good enough to detect
small regions of apoptosis. He suggested, however, that if it were possible to develop an
imaging method capable of detecting cell death with a spatial resolution of 3 mm, it could
be possible to use a multiple injection needle to introduce several potential therapeutics
into different regions of a tumor, monitor the response in each region, and then use the
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imaging results to determine which of those drugs was having the biggest impact on the
tumor in the patient.

Dr. Olson’s final wish had less to do with technology and more to do with collaboration.
He implored the technologists in the audience to learn about the clinical needs of the
oncology community, and for oncologists to set aside their egos and seek out
technologists who can help them solve their important clinical problems. He encouraged
the technologists in the room to attend the tumor boards at their local institutions, which
will provide them with a real-world view of how imaging is done in a clinical setting and
to see how physicians use that information. He virtually guaranteed that attending tumor
boards would identify new opportunities for the technology community in a way that
oncology community would not. As a final note, he told that audience that the major
reason that the major reason that survival in pediatric oncology has jumped from 10% to
70% is because about 35 years ago, the entire field set aside egos and created a
nationwide cooperative group that worked together to test and refine treatments for
pediatric cancer. He also made a suggestion that NCI should fund an effort to take all of
the genomic data on glioblastoma that is being generated by The Cancer Genome Atlas
Project and combine it with the imaging data that is undoubtedly available from the more
than 200 patients whose DNA was sequenced.

Shimon Weiss, Ph.D., of the University of California, Los Angeles, then spoke about
possible “holy grail” applications for nanotechnology in imaging. His list included:

e Design tools for the nanoparticle delivery system.

e Tools to monitor and control biodistribution as a function of particle size, shape,
and targeting scheme.

e Studies that would identify the lower limits of tumor size that can be recognized
using in-vivo imaging techniques, and to determine the improvement that comes
from the use of new contrast agents based on nanoparticles.

e Multi-functional particle system capable of diagnosis using image modality and
biochemical recognition of tumors.

Dr. Weiss the discussed quantum dots, one of the better known examples of a
nanotechnology-enabled imaging tool. He noted that a great deal of work has been done
to develop a wide range of molecular tools that can be used to modify native quantum
dots so that they are biocompatible, can target specific cells, display suitable
pharmacokinetic properties, and have secondary imaging modalities.

He then described the ultimate promise of nanotechnology-based imaging as being
capable of multiscale imaging that provides both diagnostic information and then delivers
a therapy to the identified tumor. In theory, he said, it should be possible to use a single
nanoprobe to identify the local of a tumor, using MRI, PET or near-infrared (NIR)
imaging, conduct an optical in vivo biopsy, respond to an external signal to deliver
therapy at the site of the tumor, and then report on the efficacy of that therapy. Quantum
dots could serve as part of such a nanoprobe.
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Dr. Weiss next described the ongoing develop of micro-optical probes that could be used
for imaging deep tissues with the aid of fiber optics. This device, which is itself
imageable using MRI, could be moved to a tumor using this imaging modality and then
conduct a detailed molecular analysis right there at the tumor, both before and after
therapy. Such a probe could be used in conjuction with targeted quantum dots to monitor
how targeted quantum dots arrive at a tumor and whether the tumor takes up the quantum
dots.

Though quantum dots show promise as in vivo imaging tools, they do have significant
problems still. Dr. Weiss noted that the major roadblocks to the clinical use of quantum
dots include inefficient delivery resulting from uptake by the reticuloendothelial system,
potential toxicity, and lack of quantification. Solutions are being developed, including
approaches that focus on using high-throughput screening to optimize particle properties
and in vivo performance.

Dr. Weiss then described a roadmap for imaging with nanoparticles. This roadmap would
start with the identification of molecular targets through gene expression profiling,
proteomics, and systems biology. Chemists then enter the research chain, developing the
probes and nanoparticles that would then be used in cell biology studies to confirm that
these probes and targets are suitable for further development. Studies in small animal
models, including imaging studies, would follow, which would yield critical data that
would allow bioinformaticians to develop image reconstruction and statistical techniques
that would then inform the clinical trials process.

In the morning’s final presentation, Renata Pasqualini, Ph.D., of the University of
Texas M.D. Anderson Cancer Center, presented a list of goals for targeted nanomedicine,
including imaging. Nanotechnology-enabled imaging should, she said, magnify the
benefits of therapy by reduce side effects, minimize damage to healthy tissue, and yield
information that will help the oncologist personalize therapy and predict response to that
therapy. Imaging should also enable faster and more accurate diagnosis with increased
sensitivity and decreased detection threshold. Nanotechnology-enabled imaging should
also, ideally, reduce the costs of imaging, particularly regarding instrumentation costs.
Finally, new imaging modalities should improve disease surveillance by providing
accurate and cost effective approaches to real-time therapeutic monitoring that avoids the
need for surgical biopsy and enables oncologists to follow the progression of disease and
spot the earliest signs of metastatic disease.

The key to achieving these goals, she said, is to develop multimodal diagnostic tools and
multifunctional nanotechnology-enabled imaging and therapeutic agents. Accomplishing
these tasks will require nanoparticle designers to work collaboratively with those in other
disciplines who are working to develop targets, understand various tumor compartments,
create new imaging modalities, design drug delivery approaches and pathologists, among
others.

Next, Dr. Pasqualini listed a variety of nanoparticle platforms being developed. These
included: metal nanoparticles, bio-inorganic nanoparticle scaffolds, viruses, quantum
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dots, carbon nanotubes, liposomes, biodegradable polymers, metallic shells, multistage
particles, and porous silicon particles, among others. She also listed a large number of
potential targeting molecules, including peptides, antibodies, phage display proteins,
other types of proteins such as lectins and glycoproteins, oligonucleotides and aptamers,
and other protein ligands or cofactors such as biotin and various hormones.

She then enumerated a number of challenges facing those developing targeted
nanotechnology-enable therapies. One problem is that there are no good guidelines to
help choose which of the many nanoparticle platforms and targeting agents is the ideal
choice for a given type of tumor. The lack of long-term toxicology data is also an
impediment for developers, as is a lack of data on biodistribution and tissue selectivity.
Nanoparticle researchers must also improve the biocompatibility and biodegradability of
nanoplatforms, and they need to incorporate a new generation of drug release switches
and triggers into their nanoparticles. There also needs to be more emphasis on the cost
and manufacturability of nanoparticles. Dr. Pasqualini added that nanoparticle developers
need to broaden their horizons as far as relevant imaging technologies are concerned. In
addition to MRI and fluorescence spectroscopy, which have been where the majority of
efforts have focused, researchers need to consider CT, elastic scattering, surface-
enhanced Raman scattering (SERS), ultrasound, and PET. She also appealed for
investigators to conduct experiments that will better detail the effects of nanoparticles on
the lungs, endothelium, RES, kidneys, and liver.

Looking to the future, Dr. Pasqualini saw reason for optimism arise form the variety of
new potential targets for imaging and therapy that are now being discovered. She also
said that technology integration is offering new opportunities for the imaging community,
as are the development of targeted nanoparticles that can be used with new imaging
modalities to increase the power of in vivo imaging coupled to therapy. Data is coming,
she said, on nanoparticle toxicology, biodistribution, excretion, metabolism, and
pharmacokinetics. Promising, too, is the development of nanoparticles with multiple
functions, such as sensing and reporting.

One promising area, she noted, is the development of organ-specific and angiogenesis-
related vascular ZIP codes that recognize the molecular diversity of organs and the
endothelium. It should be possible, she said, to use this new understanding about such
ZIP codes to develop highly specific and highly addressable targeting strategies. She
cited the use of in vivo phage display as a useful technique for targeting the ZIP codes
associated with tumors. She and her colleagues have used this technique to map
molecular diversity and to target tumor ligands that are accessible and that can internalize
nanoparticles. Internalization offers the possible of achieving greater accumulation within
cell that would then increase imaging sensitivity while allowing background levels of an
imaging agent to drop prior to imaging. As an example, she described a bioinorganic
nanoparticle that binds to a lung vascular endothelial receptor and that may provide a
predictive tool for drug response based on imaging data.

Dr. Pasqualini closed her talk by describing a preclinical framework for nanotechnology-
based platforms. This framework included:
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GMP manufacturing

QA/QC and functional assays

Efficacy in disease-bearing rodent models
Dose range finding in rodents (mice and rats)
Dose range toxicity in non-human primates
PK/PD in mice

PK/PD in Cynomologus monkeys

WORKING GROUP BRAINSTORMING ACTIVITY AND REPORTS

Following Dr. Pasqualini’s talk, the attendees split up into three pre-assigned working
groups to brainstorm answers to the overarching questions that Dr. Grodzinski presented
at the beginning of the day. After an hour’s discussion, the attendees reassembled and the
working group leaders presented each group’s report.

Working Group 1 report
Over the course of its deliberations, this working group developed the following list of
goals for the next five years:

Independent of nanotechnology, though still including it, there is a need to
quantify existing imaging strategies so that findings across centers can be
compared.

The imaging community must move toward developing technologies that enable
multiplexed measurements capable of dealing with and assessing the
heterogeneity that characterizes cancer.

The development of more sensitive and less expensive imaging hardware, such as
the development of carbon nanotube-based CT instruments.

The cancer biology and imaging fields, with significant help from the systems.
biology community, need to settle on a reasonable number of targets for imaging.
Improve spatial and temporal resolution, as well as sensitivity, in order to detect
the very low tumor burdens and then monitor the response of those small tumors
to therapy.

Improve surgical guidance by developing methods for imaging tumor margins and
sentinel lymph nodes.

Develop entirely new imaging strategies to change limits of detection.

Achieve a broader distribution of existing imaging agents beyond the major
research medical centers.

Develop image-guided biopsies with simultaneous, multiplexed in situ analysis to
eliminate the need for diagnoses based on histopathology.

This working group then listed the ways it felt that nanotechnology could contribute most
to meeting those goals.

Nanotube-based CT could offer a critical solution to improving acquisition time
and sensitivity.

Nanotechnology-based detection and analytical technologies could be
incorporated into a probe that could be inserted into a tumor and that are then
removed when the probe is excised.
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Theranostics, the simultaneous delivery of a diagnostic and therapeutic agent, is
only possible through the use of nanotechnology.

The high payload-carrying capacity of nanoparticles can improve sensitivity and
resolution by dramatically increasing the local concentration of an imaging agent
at a tumor.

Nanoscale materials can be placed in specific compartments — the bowel or lungs,
for example — without a need to use systemic injection, which could reduce some
regulatory hurdles.

Nanoscale scaffolds can delivery multiple imaging agents to the same site,
enabling preoperative tumor localization and surgical resection.

Multiplexed nanoparticles may be able to act as sensors of the local environment.
Activation of targeted nanoparticle could enable timed release of imaging agents
and drugs, while bidirectional communication with the nanoparticle would
provide therapeutic feedback.

Nanotechnology-based tools are critical to helping us better understand in vivo
tumor biology.

Next, this working group defined a number of potential obstacles to the development and
use of these nanotechnology-enabled methods.

Uncertainty surrounding the FDA’s treatment of joint therapy/imaging devices.
Scale-up materials for GMP/GLP

Funding for non-human primates/larger animals

Information sharing about the performance of specific nanomaterials is limited at
present, though the CCNEs are working out the informatics needed to solve this
problem

Lack of multidisciplinary training efforts is impeding the development of the next
generation of nanoscientists who can work across disciplines

Lack of funding for pilot clinical trials for ex vivo nanosensors and
nanotechnology-based imaging agents

The intellectual property landscape is muddy.

And finally, the group picked several developments that it considered to have the biggest
potential for advancing clinical medicine:

The development and pilot-testing of nanoparticle-based MRI imaging agents that
are nanoparticle based; the group suggested that prostate cancer would be a good
model because of the ability to use local administration into the prostate.

While several nanoparticles are showing great promise in preclinical trials, the
NCI needs to help improve the pace at which these promising nanomaterials move
into and through human clinical trials.

The development of multimodality probes

Automated, microfluidics-based imaging probe synthesis

Nanotechnology —based imaging device (nanotube x-ray)

Targeted nanoparticles that demonstrate targeting in vivo rather than just in vitro.

Working Group 2 report — Tom Meade
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This working group’s list of the most important goals for the next five years included:

Develop personalized medicine metrics using database information that includes
patient profiles with imaging and outcomes. There is no mechanism now for
“one-stop shopping” that accumulates all the different types of imaging combined
with outcome data. In addition, there is a need for automated analytical tools that
can extract information from the images in a way that can be incorporated into
these databases and searched.

Develop methods for real-time monitoring and determination of in vivo
pharmacokinetic and pharmacodynamic measurements

Create endpoint measures in addition to apoptosis to assess therapeutic efficcy.
Develop methods for long-term response monitoring for drugs that do not reduce
tumors

Couple therapy and diagnosis in the same nanodevice.

Use a targeted nanoparticle agent to treat and cure a cancer in a genetically
modified mouse model of human cancer.

Improve detection systems for optical imaging in humans by optimizing imaging
platforms to take advantage of the unique payload carrying characteristics of
nanoparticles.

Increasing the resolution and sensitivity for detection and diagnosis by a factor of
100 in 5 years and 1000 over 10 ears.

Immediately establish quality control and quality assurance standards for
nanoparticles.

Immediately establish a battery of in vitro and in vivo tests needed to develop
go/no go criteria for nanoparticles.

The group then identified the major barriers that are stiffling the development of new
nanotechnology-enabled imaging methods.

The lack of methods and facilities to produce the large quantities of GMP-grade
materials needed for late-stage preclinical and human clinical trials. This working
group suggested strongly that the NCI fund a GMP production facility that would
serve the community in much the same way as the highly successful
Nanotechnology Characterization Laboratory.

The lack of a central core facility for centralized purchasing and manufacturing of
key reagents, including large quantities of consistently produced nanoparticles.
The diversion of academic personnel to these duties results in increased cost,
improper use of grant funds, poor quality, and uncertain results.

The cost of commercial materials, such as dyes, cage compounds, and targeting
moieties, is often prohibitive.

HIPAA and confidentiality issues regarding patient data in databases.

Unclear intellectual property arena.

Deficits in our understanding of bio-compatibility and in vivo stability of
nanoparticle-based formulations.

Lack of databases comparing particle characteristics.

Page 10 of 14





Strategic Workshop on Cancer Nanotechnology: In vivo Diagnosis & Imaging

The multidisciplinary and multicultural nature of the work and the lack of
clinicians, chemists, engineers, physicists, and other scientists who are prepared to
work in a multidisciplinary environment.

Limited access to mouse models and the lack of an ombudsman to assist those
who aren’t knowledgeable about which animal models to use for particular types
of studies.

Lack of methodology for in vivo co-optimization of imaging agents and delivery
vehicles.

Not enough imaging statisticians

This working group then listed those areas in which new advances should drive the field
of imaging forward. This list included:

The development of new types of nanomaterials that have with increased
relaxivities for MR-based imaging

The identification of targeting agents that work in vivo.

Improvements in multivalency that will lead to more powerful imaging contrast
agents.

Advancing at least one imaging agent into human clinical trials.

The establishment of more multidisciplinary centers and consortia — the CCNEs
are a powerful model for the high value derived from such centers. Indeed, this
group felt that the successful establishment of the CCNES represents a big
advance in the culture of science. There is a need, now, to follow through with
more training mechanisms to get the next generation firmly entrenched

Working Group 3 report
This working group developed goal for both the 5- and 10-year periods. Over the next
five years, this group felt that it should be possible to:

Integrate imaging and therapy so that the oncology community can monitor the
effects of therapy in real time, both for conventional agents and for
nanotechnology-enabled agents.

Image the tumor microenvironment with a variety of agents that can target
vascular zip codes, matrix molecules, and inflammation. It may also be possible
to label cells and track their interaction with the tumor microenvironment to learn
more about metastasis.

Implementation of broad-based, clinically relevant education and training
programs for nano-oncology

Over 10 years, this working group thought that the field should be able to accomplish:

The integration of imaging and specifically targeted nanotechnology-based
therapies.

In vivo expression profiling by imaging multiple markers using polyvalent,
nanoscale constructs.

This group then listed the following barriers to progress:
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e There is a lack of direct integration with imaging industry to coordinate and
conduct clinical trials and eventual use of novel imaging agents. This lack of
integration discourages and disincentivizes early collaboration and support.

e Too often, those developing nanotechnology-based imaging agents do not test
their constructs on standard clinical imaging instruments, making it difficult for
industry to accurately assess the value of such agents.

e Limited clinical familiarity with nano among end-users (oncologists) and cancer
among nano developers.

e There are few animal models suitable for making standardized measurements of
nanoparticle properties.

e The lack of a sound economic model for developing imaging agents, having them
approved, and then getting them reimbursed. One approach might be to develop a
database of drugs under development that imaging agent developers could use to
provide a link between imaging and therapeutic use and efficacy and perhaps
show that imaging can improve patient stratification.

Finally, this group listed four potential advances that would have a dramatic effect on the
development of imaging methods. Advances
e The conceptualization of “theranostics” — the word isn’t getting out that this is the
future of medicine.
e Demonstrating the potential of imaging drug deposition and quantification.
e The development of multimodal diagnostics.
e Cell labeling and in vivo tracking with very high sensitivity.

FINAL WORKING GROUP DELIBERATIONS AND RECOMMENDATIONS

After informal lunchtime discussions among the workshop participants, the working
groups gathered again and developed recommendations for action based on their earlier
brainstorming activities.

Working Group 1 report
In considering its earlier discussions and the reports by the other two working groups,
this working group chose to select one project that it felt could be successful in each of a
five-year and a 10-year effort. The 5 Year project would aim to develop what the working
group called the Nano Sniffer,” which would be a physical device that is introduced into
the body to assess the tumor-stromal environment in real time for the purpose of:

e Insitu biopsy (real-time molecular pathology)

e Real-time drug response monitoring

e Guiding surgery (tumor margins)

e Multiplexed sensing
This device would be inserted either during surgery or via image-guided cather
placement. Because the device is not free to move about within the body, regulatory
issues may be minimized, making testing and approvals potentially simpler. This effort
will require a diverse group of researchers with expertise in engineering, cancer biology,
neuroscience, oncology, and interventional radiology. The resulting device could use
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optical sensing, particularly Raman and fluorescence spectroscopy, for high sensitivity,
speed, and multiplexing capabilities at relatively low cost.

As its 10-year project, this working group thought the field should pursue the
development of NANOMONO-CT, a CT technology that would carbon nanotubes to
generate monochromatic x-rays using conventional CT imagers, along with co-
development of imaging agents designed to enable molecular imaging at the K edge. The
value of this type of molecular imaging has been demonstrated with x-ray synchrotrons,
but such machines are too expense for widespread use. Molecularly-based
monochromatic x-ray imaging would revolution the use of CT as a sensitive and low-
dose imaging technology and open up broad applications that are not possible using
today’s CT imagers and conventional x-ray sources. This effort would require physicists
and engineers to work with medical physicists and radiologists in what would largely be
an engineering activity. At the same time, chemists, materials scientists, and cancer
biologists would be working in parallel to develop contrast agents suitable for use with
monochromatic CT.

Working Group 2 report

In its additional deliberations, this working group selected as a five-year project the
development of an activatable, imageable nanoparticle for targeted therapy of pancreatic
and lung cancer, which the working group selected because of their currently lethality.
This project should start by determining a suitable lead nanoparticle-based system that is
activatable by radiofrequency, light, or ultrasound energy. In parallel, cancer biologists
would be working with chemists to identify suitable pancreatic and lung cancer targets
and develop the ligands for these targets that are suitable for use with nanoparticles.
Preclinical studies would proceed using genetically modified models of lung and/or
pancreatic cancer, with an emphasis on developing agents that had reduced uptake by the
reticuloendothelial system. The project should take advantage Phase 0 studies, and the
goal should be to have at least one such agent in clinical trials within the fiver year
period.

Over a 10-year timeframe, this group recommended that the field identify suitable linkers
that will couple nanoparticles to drugs and then release them only inside tumors. Though
there are many linkers that have been developed that work in various test systems, none
has proven suitable for in vivo use in humans. The focus of this project should be on
drugs that kill tumors at low doses and that would benefit from targeted delivery using
nanoparticles.

To bring these projects to fruition, this working group recommended that the NCI
consider establishing a national GMP-quality facility for producing large quantities of
nanomaterials for use by the field. Such a facility would solve the scale-up bottleneck
currently hampering the field. Another possibility would be to expand the DCIDE
program. Other bottlenecks that this working group identified include the lack of an
economic model that would bring the private sector in the field, uncertainty about how
the FDA will treat nanoparticle-enabled imaging agents, a lack of scientists trained to
work in a multidisciplinary environment, and egos.
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Working Group 3 report

The final report, by the third working group, recommended that as a short-term project
the field should consider substituting a PET-suitable isotope into one of the approved
nanoparticle-based therapeutics, such as Abraxane™. Such an agent could exemplify the
theranostic strategy for an existing composition and imaging modality and show with
minimal regulatory involvement that it is possible to image a therapeutic agent and
calculate drug deposition at tumors. Over the long-term, this same concept could be
extended to include a drug with known efficacy delivered using an imageable
nanoparticle.

Over the short term, critical needs for such a project include a national manufacturing
facility for scaling up nanoparticle production. Researchers also need clarification on the
intellectual property front to ensure that any fruitful developments from these projects are
not suppressed because of intellectual property issues. There is also a need to get buy-in
now from the private sector for such projects.

Over the long term, this working group recommended that the field should focus on
developing:
e Invivo theranostics,
e Activatable agents that respond to focused exogenous energies,
e “Smart” automated reporter agents with endogenous signaling, local activation
resulting from an application of Boolean logic, and effector activity; and
e Nanoscale tools for basic research in modern animal models of human cancer.

As potential bottlenecks, this working group that a lack of GMP manufacturing capability
for nanoscale materials and poor support from the pharmaceutical and imaging industries
for clinical trials involving new imaging agents. It is also imperative, according to this
working group, to streamline the relationship between the research and oncology
communities in order to foster rapid adoption of the new technologies now being
developed.

After thanks from Dr. Grodzinski to those who participated in the day’s deliberations, the
workshop adjourned.
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Strategic Workshop on Cancer Nanotechnology:
Therapy and Post-Treatment

Bethesda North Marriott Hotel & Conference Center
Bethesda, MD

March 6, 2008

As the Alliance for Nanotechnology in Cancer approaches the midway point of its five-
year funding, the National Cancer Institute is beginning the process of assessing the field
of cancer nanotechnology to determine what opportunities exist should the Institute seek
reauthorization of this initiative. Toward that end, the NCI’s Office of Technology and
Industry Relations (OTIR) has planned three strategic workshops on cancer
nanotechnology covering the areas of in vitro diagnostics and prevention, imaging, and
therapeutics. To each of these meetings, OTIR staff invited a wide range of experts from
industry, academia, the non-profit sector, and the Federal government, including those
from the National Institutes of Health and the U.S. Food and Drug Administration.
Researchers invited to the workshops included Alliance members and researchers
working outside of the Alliance.

The second of these workshops, on therapy and post-treatment, was held March 6, 2008.
Because the workshop was to last only one day, OTIR staff provided the attendees with a
list of overarching questions that they were asked to consider before arriving to the
workshop. The overarching questions were:
e What are the most important goals (not just nano) in cancer therapy and post-
treatment that can be achieved within the next 5 years? Within the next 10 years?
e What do you consider to be the most important scientific advances (list up to five)
made in using nanotechnology in treatment and post-treatment during the last 3
years? Why are these advances so significant?
e In your own research discipline/environment, identify barriers (technical,
financial, organizational/managerial) that hindered you from reaching your goals?
Do you have any suggestions for how NCI could help in overcoming these
barriers?
e What are the most critical needs in order to integrate nanotechnology into cancer
therapy and post-treatment?
Short- to medium-term research aimed at clinically applicable results.
Long-term research aimed at new advances in nanotechnology applicable to
oncology?
e What are the overall strategy and infrastructure needs for advancing cancer
nanotechnology research in order to achieve these important goals? (Please be
specific; don't just say “more money”)
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To further guide discussion, OTIR staff provided attendees with a list of NCI’s thoughts
on possible “holy grail” applications for nanotechnology in cancer therapy. These
included:
e Design tools for nanoparticle delivery systems — are they possible?
e Tools to monitor and control biodistribution as a function of particle size, shape,
and targeting scheme.
e Robust efficacy feedback monitoring tools for novel cancer therapeutic drugs in
clinical trial settings to reduce the time from months to days or hours.
e Multifunctional particle systems capable of diagnosis and subsequent tailored
therapy with controlled release.
e Nanoparticle platform for effective and controlled delivery of therapeutics to
brain.

Dr. Piotr Grodzinski, Program Director of the NCI Alliance for Nanotechnology in
Cancer, welcomed the 26 attendees and thanked them for helping NCI assess where
nanotechnology can continue making significant and revolutionary impacts on cancer. He
then laid out the goals of the meeting, which were to answer the following questions:
What are the major needs of cancer diagnosis?

Where can nanotechnology play a role?

Where are the current gaps in knowledge?

What are future strategic approaches?

What the research infrastructure needs in cancer nanotechnology?

What the major funding needs?

He reminded the participants that the Alliance currently has six areas of focus:
e Molecular imaging and early detection

In vivo imaging

Reporters of efficacy

Multifunction therapeutics

Prevention and control

Research enablers

He then described the plan for the day. The workshop would start with a talk on oncology
needs and a second presentation on technology solutions. This would be followed by
discussions among three working groups that would develop a first-take set of proposals.
Following lunch, there would be two additional presentations, one each on oncology
needs and technology solutions, and then the workgroups would deliberate further and
develop a final set of recommendations. Each working group would report to the
assembled attendees following each set of deliberations. These deliberations would
appear in a report that would be used to help formulate next steps for the NCI’s
nanotechnology efforts.

Next, Dr. Anna Barker, Deputy Director of the NCI, also thanked the attendees for

helping NCI assess where nanotechnology can continue making significant and
revolutionary impacts on cancer. She noted though the Alliance is not quite midway
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through its lifecycle, the process of renewing Alliance funding will begin this fall with
presentations to the NCI’s Board of Scientific Advisors. OTIR staff needs the best ideas
to help with this process in order to develop a comprehensive set of bold,
nanotechnology-enabled solutions to the major problems in cancer. She also told the
attendees about the recent NCI-sponsored meeting that engaged the physical sciences in
discussing the problems of cancer. This discussion was made possible the NCI’s
involvement in nanotechnology research.

Dr. Barker then reminded the attendees why the NCI is determined to bring the power of
nanotechnology to bear on developing new solutions to the major problems in cancer.
She cited the statistics for U.S. cancer death — 1500 people would die during the day of
the meeting — but then noted that 70 percent of cancer deaths occur outside of the United
States. She added that an aging population means that the number of people who develop
cancer is only going to increase in the years ahead. Therapy must improve, and
nanotechnology must play a major role in generating these improvements, particularly
when it comes to metastasis. Today, she noted, the field is lucky to see one or two truly
new drugs approved to treat cancer each year, an unacceptable situation. There is a need,
she stated, to start thinking differently about how we manage cancer, perhaps from an
evolutionary biology point of view.

She then briefly reviewed the history of cancer therapy. Looking at the early history of
cancer, most of the effort went into attempting to exploit the kinetic differences of cancer
and normal cells. Only after a while did cancer biologists realize that the kinetic
differences resulted from differences in DNA reproduction, so the field then focused on
targeting the enzymes and receptors involved in regulating DNA reproduction and over-
expression. Today, with the sequencing of the human genome, there is an expectation that
new targets will emerge en masse, and yet most pharmaceutical and biotech companies
are focusing on the same few targets. It is the NCI’s hope that The Cancer Genome Atlas
project will play a revolutionary role in the effort to identity new targets for drug
development. The role that nanotechnology stands to play is to provide the means of
getting drugs to these new targets. On that note, she asked those attending the meeting to
try to focus on ways of using nanotechnology to figure out how to take advantage of the
real differences in cancer cells, to think about how the field should be approaching drug
delivery and target selection, and to envision new ways of attacking cancer cells and their
microenvironment that take advantage of the unique, multivalent properties of
nanoparticles.

In the morning’s first formal presentation, David Parkinson, M.D., President and CEO
of Nodality, a privately held biotechnology company, addressed the topic of how
nanotechnology may be able to drive new advances that will improve cancer therapy. At
present, said Dr. Parkinson, cancer therapy is not very good, in large part because the
nature of cancer is still not well understood and because we are still not very good at
translating in a timely manner what is known about cancer into effective therapies,
particularly for slow-growing solid tumors. That’s not to say that there haven’t been
important advances, particularly in the treatment of pediatric cancers and testicular

Page 3 of 12





Strategic Workshop on Cancer Nanotechnology: Therapy & Post-Treatment

cancer, and in the advent of new targeted drugs for the treatment of breast, colon, lung,
prostate, renal and liver caners.

In providing a brief review of how anticancer therapy has evolved over the past three
decades, Dr. Parkinson noted that through the 1980s, researchers took a reductionist
approach toward cancer, an approach that the field is now shedding in response to our
understanding of cancer as a systems biology problem. With that shift, new developments
have occurred, and new companies have formed, around a set of targets that include
ERBB and VEGF, among others. While those new targets have yielded new drugs,
progress has still been limited. Now, he said, second generation targets have emerged that
lie at the chokepoints of numerous cellular processes, and preliminary results with drugs
aimed at these targets suggest that the next generation of anticancer agents may, in fact,
show some activity against a much broader range of cancers that share common pathway
malfunctions. However, despite the promise of these new drugs, the lag time from
discovery to clinic to approval is still too long.

This lag time is not a problem of money, Dr. Parkinson claimed. The pharmaceutical
industry today spends about 15 percent of its research dollars on cancer, and as a result,
over 380 anticancer drugs in development as of 2006. In addition, half of the oncology
products in late-stage development are targeted therapies aimed at specific molecules
involved in malignancy and tumor growth. The FDA does not appear to be the problem
either; according to data from the FDA, some 10,000 cancer clinical trials are now
underway in the United States, representing almost 15 percent of all FDA-regulated
clinical trials ongoing. In addition, the Agency approved 59 percent more cancer drugs
from 1996-2005 than it did in the preceding decade. However, one thing these statistics
do not accurately reflect is the failure rate of compounds in development, which
according to Dr. Parkinson, is embarrassingly high.

So why don’t we have better treatments? Dr. Parkinson gave one example of what he said
lies at the heart of the problem of developing better therapies for cancer. Presenting data
from a phase 3 trial of the drug Avastin in treating metastatic colorectal cancer, Dr.
Parkinson noted that the median survival for the Avastin-treated group increased to 20.3
months from 15.6 months, a result that he characterized as underwhelming. But what this
data likely hides, he said, is that some percentage of these patients are receiving a large
benefit from this powerful drug, while most others are receiving no benefit, making this
not a failure of the drug but a limit in our ability to understand which patients would
benefit from this drug and which will not. And this, he said is a failure resulting from our
inability as of today to truly understand the complexity of cancer from a biological
perspective, whether that relates to the signaling pathways involved, the heterogeneity of
the tumor and its local environment, and the differences in how individuals metabolize
drugs. As a result, said Dr. Parkinson, drugs are failing in clinical trials not because the
drugs themselves are not good, but because we do not have enough relevant biochemical
and physiological information about each patient entering a clinical trial to use those
drugs to treat the right patients.
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In summary, Dr. Parkinson did comment that the field is progressing and learning
important lessons from the successful development of new generation drugs such as
Gleevec. Today, cancer researchers understand that each patient’s tumor is different and
the key question to ask is what level of biological characterization is going to be
sufficient to deal successfully with this type of heterogeneity. The cancer research
community has also accepted the fact that tumors change over time, and that the temporal
aspects of cancer progression are also going to be important when it comes to selecting
the appropriate therapies for each individual. And finally, he noted, there is a growing
appreciation that cancer will need to be treated as a chronic disease and therefore that the
cost of therapy is going to play an increasingly important role in drug development
decisions.

Naomi Halas, Ph.D., Professor of Electrical and Computer Engineering, Chemistry, and
Bioengineering at Rice University, then spoke about how an nanotechnology and
engineering perspective can add value to the cancer research enterprise. Indeed, she noted
that current and imminent nanotechnologies can positively address and change the NCI’s
strategic priorities in the near term and provide major benefits to cancer patients sooner
rather than later.

As an example, she discussed work done in her laboratory on silica core/gold shell
nanoparticles. Dr. Halas and her colleagues have created a range of these nanoshells that
each absorb light at a particular frequency, including in the tissue-transparent near-
infrared region of the optical spectrum. These are not just generic nanoparticles, she
noted, but nanoparticles intentionally designed to have specific optical properties that are
relevant to the treatment of cancer. In this case, the nanoshells absorb near-infrared light
and convert it into heat in a controlled and localized manner that can kill nearby tumor
cells, an effect that her group has demonstrated in preclinical studies. In one study, for
example, 100 percent of mice harboring tumors survived after being treated with gold
nanoshell-mediated thermal therapy. In contrast, none of the control mice survived past
17 days. The projected dose, Dr. Halas noted, should be about 1.4 grams of gold per
patient, or about $50 of gold per treatment. She added that the FDA recently granted
approval for clinical trials in humans with head and neck cancer, with the plan being to
use the gold nanoshells both to image and treat tumors.

Dr. Halas then noted that such plasmonic nanoparticles can also serve as contrast agents
and as chemically functional nanosensors for label-free detection of DNA and perhaps for
optical biopsies. Indeed, she added, nanoparticles such as these can serve as new tools for
fundamental research. Because they, like quantum dots, can be tailored to absorb light at
specific frequencies, they can serve as multiplexed probles suitable for use in systems
biology studies. In the same manner, such tunable nanomaterials should be able to
function as powerful optical contrast agents to improve the resolution and sensitivity of
imaging technologies, including molecular imaging in tumor cells. Dr. Halas even
showed an example of using Her2-labeled nanoshells to image live breast cancer cells.
She also showed an example in which the fluorescence signal of various organic dyes can
be markedly enhanced by conjugating them to a “nanoparticle antenna” that can more
efficiently absorb light and then transfer that energy to the fluorescent dye. The effect of
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this plasmon energy transfer is to convert a dim fluorophore into a bright one. She noted
that experiments have shown that such a nanoshell-fluorophore construct can increase the
resolution of tumor imaging using optical tomography.

She then addressed a possible strategy for treating the poorly vascularized regions of
tumors, areas that are difficult to reach with chemotherapy, using macrophages and
monocytes to deliver gold nanoshells to the hypoxic regions near the necrotic centers of
tumors. Early experiments using this strategy have shown that macrophage-linked gold
nanoshells are delivered into the hypoxic regions of tumors and will kill cells deep inside
tumors following irradiation with near-infrared light.

In closing, Dr. Halas also described an approach for using gold nanoshells to deliver gene
therapy and siRNA agents to tumors. These constructs would take advantage of the fact
that plasmonic shells will transfer energy to nucleic acids and cause them to be released
from the surface of the nanoshells only after irradiation.

James Baker, Jr., M.D., Director of the Michigan Nanotechnology Institute for
Medicine and Biological Sciences at the University of Michigan, began his talk on the
promise of nanotechnology in treating cancer by first noting that this, being Year 3 of the
Alliance for Nanotechnology in Cancer, is when the rubber meets the road. This is when
the field must begin translating the findings of the cancer genome and biomarker program
into potential diagnostics and therapeutics that have real potential in cancer. The
expectations for the Alliance program are high, and as a result, Alliance members must
initiate a process that will advance their work into clinical proofs of concept. Today is the
time for action, he said, lest the program disappoint its supporters in the NCI and larger
cancer community.

Having provided that cautionary note, Dr. Baker then described some of the areas in
which nanotechnology holds great promise in improving cancer diagnosis and treatment.
It is his hope, bolstered by work done in many laboratories, that nanotechnology-enabled
tools will provide a means for identifying, characterizing and perhaps eliminating
premalignant lesions, or at the least, tumors that are much smaller than those detected and
treated today. Dr. Baker was also optimistic about the possiblity of using nanotechnology
to help identify truly useful biomarkers for cancer.

In the area of therapy, Dr. Baker noted that there have been enough experiments in
animal models to suggest that that nanoparticles will be able to improve the therapeutic
index for a wide variety of anticancer drugs, assuming that issues of manufacturability
and toxicology can be addressed successfully, and that this improvement alone will be of
great potential benefit. He also stated that monitoring therapeutic response using “smart”
nanoparticles will also represent a paradigm-changing event in oncology.

In taking issue with Dr. Parkinson’s earlier comment that money is not a problem, Dr.
Baker noted that developing a nanoparticle for use in humans is an extraordinarily
expensive proposition for an academic laboratory or small company. Just the cost of
materials alone can be prohibitive, and venture capitalists are reluctant to invest the
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necessary funds in mundane activities such as GMP manufacturing and preclinical
testing, which can cost from $2.5 to $4.0 million dollars. Nonetheless, such funds are
essential to get a product to the point where deeper-pocketed pharmaceutical companies
will become interested in partnering on the clinical stages of a nanoparticle-enabled
therapeutic agent. It is unclear at this point, said Dr. Baker, how the field is going to drive
enough products into the clinic to demonstrate the superior characteristics of a nanoscale
drug delivery system in order to get the large-scale buy-in from the risk-aversive
pharmaceutical company.

In the morning’s final presentation, Joseph DeSimone, Ph.D., Professor of Chemistry at
the University of North Carolina at Chapel Hill, discussed some of the future directions
for cancer nanotechnology research. Some of this work, he said, should be devoted to
solving some fundamental issues concerning the behavior of nanoparticles in the body.
For example, he said, there is a need for nanoparticle biodistribution maps that would
help explain the interdependence that factors such as nanoparticle size, shape,
deformability, and surface chemistry have on their distribution across cells, tissues,
organs and the entire body. Dr. DeSimone described the PRINT™ system that he and his
colleagues have developed to mass produce nanoparticles with very carefully designed
chemical and physical properties that can then be studied in a systematic manner to gain
such insights. Already, studies using PRINT particles have demonstrated that there are
large kinetic differences in cellular uptake of particles with different shapes and surface
chemistries.

There is a need, too, for fundamental work on how nanoparticles enter cells, which could
uncover entirely new modes for gaining entry to cells and specific cellular compartments.
Little is known as well about how to design nanomaterials that will avoid the
reticuloendothelial system or how to take advantage of various assisted delivery systems
used by interventional radiologists to essentially place nanomaterials in the locations
where they will do the most good without having to survive the circulatory system. There
is also a need, Dr. DeSimone explained, for work aimed at understanding how
nanoparticles can be used to surmount the range of biological barriers in the body,
including the blood-brain barrier and the skin.

In closing, Dr. DeSimone pointed out the continued need for technologists and
biomedical researchers to work together in order to make the most from the opportunities
that nanotechnology can generate. He applauded NCI’s efforts in creating
multidisciplinary teams, and he expressed hope that such efforts would only be expanded
going forward.

WORKING GROUP BRAINSTORMING ACTIVITY AND REPORTS

Following Dr. DeSimone’s talk, the attendees split up into three pre-assigned working
groups to brainstorm answers to the overarching questions that Dr. Grodzinski presented
at the beginning of the day. After an hour’s discussion, the attendees reassembled and the
working group leaders presented each group’s report.

Working Group 1 report
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This working group spent its time developing a list of what its members considered the
most important goals for improving cancer therapy over the next five years. This list
included:

Early detection, using easy, inexpensive and multiplexed methods enabled by
nanotechnology, is perhaps the most important development that would have a
significant impact on survival. The working group suggested that such efforts
should focus as much on detecting rare cancer cells as on cancer-associated
molecules.

Develop a home monitoring test, perhaps based on saliva, capable of being used
for monitoring disease response to therapy and disease progression. The working
group felt this goal was very achievable in a five year timeframe.

Develop enhanced imaging technologies and contrast agents to help diagnose,
stratify, and monitor patient treatment.

Create better biomaterials for use in making nanoscale materials.

Improve targeting to increase therapeutic index.

Understand the mechanisms of action and cellular responses to nanoconstructs in
order to address issues of toxicity, improve targeting, and provide a better readout
of clinical value.

More thoroughly integrate oncology and nanotechnology by continuing to foster
the formation of multidisciplinary research teams. Technologists need input from
oncologists and cancer biologists to help design tools that are needed, not just
interesting from a materials point of view.

Increase funding for cross-disciplinary training grants and post-doctoral
fellowships.

Working Group 2 report
This working group’s list of important goals included:

Improve the therapeutic index of cancer drugs using nanotechnology. This effort
should include the development of new chemistries that would trigger drug
release from a nanoparticle only at the site of a tumor, and new biomaterials that
would change the biodistribution patterns of nanomaterials and their drug and/or
imaging cargos.

Develop a better understanding of the basic biological mechanisms that are
common across cancers and unique among specific cancers.

Improve the ability to stratify cancer into distinct types according to biological
criteria that are relevant to targeting malignant cells and identifying different cell
types in the heterogeneous millieu of the tumor and its microenvironment.
Develop better models of cancer that are more predictive of response in human
cancers.

Create methods for programming nanoparticles for use in personalized anticancer
therapy, and begin the necessary education of regulatory authorities in order to
bring about the possibility of approving nanoparticle platforms distinct from the
particular targeting ligand or drug they carry.

Using nanotechnology to develop baseline measures of normal cells in order to
better detect the earliest signs of malignancy and to understand processes such as
dormancy and metastasis.
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e Start a concerted effort to move out of small-scale laboratory experiments and
into large-scale clinical trials.

e Develop new in vivo diagnostics that would pinpoint tumors and their metastatic
lesions.

e Use nanotechnology to overcoming the various biological barriers that restrict
access of conventional drugs to tumors.

This working group also commented that the NCI’s efforts at team building have
provided a huge boost to the field and that the Institute should continue providing
avenues for both intra-CCNE and inter-CCNE partnerships to form. In addition, NCI
should consider new mechanisms for creating strategic partnerships with other agencies
and other fields to maximize the impact that nanoscience will have on cancer research
and clinical oncology.

Working Group 3 report
This group’s list of the most important goals for improving cancer therapy included:
e Develop multimodal therapy using a nanoplatform that can deliver a novel form
of therapy, such as heat, in combination with a standard therapy.
e Improve the pharmacokinetics of current nanocarriers in order to decrease the
toxicity of their drug payloads.
e Understand how nanomaterials affect cell signaling and drug response.
e Develop nanomaterials and targeting strategies aimed specifically at the tumor
microenvironment.
e Develop combination therapeutic and imaging platforms and test them in
advanced preclinical models and begin human clinical trials.
Determine the parameters affecting the biodistribution of nanoparticles in animal
Identify host immune and cellular responses to nanomaterials.
Create new materials that will repair normal tissues damaged by cancer therapy.
Demonstrate a positive clinical response to at least one nanotherapeutic in (a)
localized disease, and (b) metastatic disease.
e Develop tumor cell surface targeting ligands to deliver nanoparticles to the tumor
site in humans.

This group then identified several barriers that impeding progress toward developing new
nanotechnology-enabled therapeutics:
e There is a pronounced lack of appropriate animal models that simulate human
cancers for nanotherapeutic evaluation.
e There is insufficient funding available from either the private or public sectors for
preclinical and phase | testing.
e Cultural barriers among those in industry are impeding the acceptance of
nanotechnology as a fruitful avenue of research for translational efforts.
e Meaningful collaboration independent of large centers is still difficult.
e There needs to be a better balance between innovation and deliverables.
e NCI’s funding level has fallen far enough to act as a deterrent for young
investigators to enter the field.
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This working group also identified four areas in which nanotechnology can make a major
contribution. These included:
e Develop multimodal therapies based on novel nanoplatforms.
e Dramatically improve the pharmacokinetics and pharmacodynamics of anticancer
drugs, thus boosting their therapeutic index and reducing side effects.
e ldentify and synthesize targeting ligands that will enable nanoparticles to deliver
drugs to tumors and their microenvironments.
e Demonstrate nanoparticle-enabled non-drug based therapies such as thermal
therapy using gold nanoshells.

FINAL WORKING GROUP DELIBERATIONS AND RECOMMENDATIONS

After informal lunchtime discussion among the workshop participants, the working
groups gathered again and developed recommendations for action based on their earlier
brainstorming activities.

Working Group 1 report

This group began its report by stating that it believed strongly that the NCI needs to
continue and expand on the multiple funding mechanisms that it has developed for
creating focused, multidisciplinary teams that are working to develop nanotechnologies
that will improve cancer diagnosis and therapy. In particular, funding should include
expanded opportunities for individual investigators to work with the CCNEs and the
Platform Partnerships, and for students and postdoctoral fellows to engage in
multidisciplinary training opportunities. This working group commended the NCI for
stepping outside of the box and creating the CCNEs, which this group felt have already
demonstrated their value in catalyzing important, new approaches that will ultimately
benefit cancer patients. The success of the CCNEs and Platform Partnership demands that
these programs be continued.

This group also developed a set of three goals for the cancer nanotechnology field:
e Advance existing systems from an academic to a clinical setting, and interfacing
effectively with the NCI’s clinical trials apparatus.
e Enhance the interface of nanotechnology and biology to advance personalized
medicine
e Develop novel nanoconstructs with potential clinical applications rather than just
for the sake of making yet another type of nanoparticle.

Working Group 2 report
This working group developed a list of goals for the cancer nanotechnology and cancer
research communities that largely duplicated the list it generated in its initial
deliberations. New items included:
e Create a set of standards normal cells for comparison studies.
e Improve the therapeutic index of drugs through the informed application of
nanotechnology.
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e Create new technologies for single cell analysis that are capable of identifying
heterogeneity among cells from the same tumor as well as from the surrounding
microenvironment.

e Develop new approaches to protein capture using click chemistry, phage display
libraries, and other approaches. As part of this effort, studies of multivalency
should also be conducted to determine if the use of multiple low-avidity ligands
can produce much higher avidity for tumor cells.

e Develop rational methods for programming nanoparticles with targeting agents
and surface coatings in order to enable a personalized approach to cancer therapy.

This group did recommend that the field select several easily accomplished projects in
order to gain the attention of the pharmaceutical industry to the value of nanotechnology
in oncology. These projects are likely to be in the in vivo imaging and in vitro diagnostics
areas. At the same time, this group recommended that the NCI continue its efforts to
educate both the FDA and clinicians about the unique features of nanoparticles and the
opportunities to change the approval paradigm as far as modularity and personalized
therapies are concerned. Finally, this group recommended that the NCI and the NCL
continue its efforts to develop bioanalytical methods suitable for use with nanoparticles
and to fund efforts for mathematical modeling that might help drug developers rationalize
their choice of a specific nanoparticle for a particular application.

Working Group 3 report
This working group developed two lists, once of projects with a 5-year timeline, the other
with a 10-year timeline. The 5-year list included:
e Prove that nanotherapeutics do make a major impact on clinical outcome of
cancer.
e Demonstrate that a nanotherapeutic allows the control of clinical cancer without
the toxicities associated with conventional cancer therapies.
e Create acceptance among the pharmaceutical industry that nanotherapeutics are
worthy of major support as the future of cancer therapeutics.
e Develop clinically useful nanodiagnostics.

Two items made the 10-year list:
e Demonstrate that multimodal nanotherapeutics can cure some common cancers.
e Use a nanoplatform to harness the host immune system against cancer.

To accomplish these goals, the working group identified several critical needs. These
included the need for relevant animal models of human cancer; the development of a
streamlined approach to evaluate toxicology, pharmacokinetics, and the efficacy of
potential nanotherapeutics, essentially expanding the scope of the NCL’s mission, and
along the lines of the current NCL effort; and the creation of an infrastructure for
translational nanotechnology research that would feed promising therapeutics into the
nation’s clinical trials apparatus.

After this last report, Dr. Barker brought the meeting to a close by commenting that she
believes that nanotechnology has proven in a laboratory and preclinical setting that it is
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the enabling technology that the field needs to dramatically change the cancer diagnosis
and treatment paradigm. The major bottleneck, she said, lies in taking these promising
developments into human clinical trials, and it is here that the NCI and its allies are going
to continue working to raise awareness among the clinical oncology and advocacy
communities. One approach, she suggested, may be to build better bridges to the NCI
Cancer Centers, which should be eager to participate in clinical development of
nanotechnology-enabled therapeutics. She also thought that the clinical trials cooperative
groups need to be engaged in this effort, too.
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