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Introduction 

            The Synthetic Biology Engineering Research Center (SynBERC) aims to develop the field of synthetic biology as an engineering discipline able to create novel biological organisms which solve “real-world problems” in a more efficient and cost-effective manner than current bioengineering practices. This efficiency comes from the standardization of biological parts which, like mechanical ones, can be used for multiple applications across a broad range of projects. This method is reliant on the development of four “thrusts”: 1. biological parts that carry out basic cellular functioning such as transcription. 2. biological devices made up of many parts, which are able to perform “human-specified” functions. 3. biological chassis such as bacteria which house the functional parts and devices. 4. the final thrust, human practices, tries to understand how these synthetically designed biological entities will situate themselves in human contexts such as post-9/11 security (www.synberc.org). If properly executed, synthetic biology holds the promise to proliferate biotechnology as engineers have been able to rapidly produce mechanical and electronic tools. Although the method has been developed in theory, in practice synthetic biology remains in an inchoate state. To investigate the efficacy of their theoretical framework SynBERC has launched two “testbeds”. One of these projects is designing bacteria that can identify and subsequently destroy tumor cells in the body, while the other is engineering bacteria to act as "chemical factory." This paper will investigate the tumor-killing bacteria testbed and show the great promise it holds as a new form of cancer therapy, the role that testbed projects such as this play in developing foundational technology in synthetic biology, but also the challenges the project will face in human and scientific contexts. 

A Closer Look at Tumor-Killing Bacteria 

            Christopher Anderson of the University of California, Berkeley, is the leading researcher of SynBERC’s tumor-killing bacteria testbed.   Anderson’s goal is to design live bacteria to be delivery systems of anti-cancer agents that can travel through the bloodstream directly to the tumor site and act accordingly to its environmental conditions without harming the host’s other cells.  The project utilizes Escherichia coli K12 as the chassis in which he inserts biological parts and devices which allow it to specifically identify and attack tumor cells.  So far, he has successfully engineered E. coli to detect and bind to cancer cells according to environmental cues such as pH, hypoxia (characteristic of tumors), and cell density (quorum sensing).
            In order to allow the bacteria to enter the cell, the inv gene, which codes for the long, rigid protein known as invasin from Yersinia pseudotuberculosis, has been engineered into the  E. coli chassis.  When in E. coli, it is expressed as a “single-gene output interface for initiating adhesion and invasion of mammalian cells” expressing ß1-integrins (Anderson).  E. coli with invasin can bind and invade tumor cells that have ß1-integrins expressed on its surface such as epithelial, cervical carcinoma, hepatocarcinoma, and osteosarcoma lines of cancer cells during in vitro experiments.  Although inv+ E. coli can invade a variety of tumor cells, it must still be kept in mind that it may not be successful in all tumor cells due to varying cell types and their locations.  The results of the experiment show that bacterial internalization into a mammalian cell can be synthetically determined based on the engineering principles of output (invasion) and input (environmental stimuli) (Anderson). 
            Input in tumor-killing bacteria pertains to the environmental stimuli and its precise control.  For inducible control of invasion, the promotor for the araBAD operon of E. coli controls the invasin gene.  This operon encodes for genes involved in the catabolism of arabinose.  By regulating this operon and its promoter, the conditions for the expression of invasin can be set.  Hypoxia is another condition that can direct the actions of inv expression; the shortage of oxygen and higher lactic acid concentrations are characteristic of malignant tumor tissue.  To accommodate induction under hypoxic conditions, the inv gene is linked to the promoter of formate dehydrogenase (fdhF), a gene that is strongly expressed when E. coli transitions to anaerobic growth.  This type of regulatory cue also holds future potential for administering cancer-killing toxins.  Further environmental restriction is placed upon the inv gene on cell density “under the control of a quorum sensing genetic circuit” from Vibrio fischeri lux (Anderson).  This lux quorum circuit links biological response to the specific high cell density of a tumor site and acts as an “on-off” switch for the E. coli without interfering with other cell systems around the tumor.  These restrictions serve as regulatory components and are imperative for the design of a well-controlled and predictable tumor-killing bacteria.

Fundamentals and Goals of Synthetic Biology 

            The current state of tumor-killing bacteria is promising, but no where near completion.  Perhaps because producing a functional tumor-killing device is not yet in sight, SynBERC justifies this project in terms of the institution's goals.  Clearly the production of tumor-killing bacteria has intrinsic appeal (to be discussed further in our section on other cancer treatments), however, the end product is not the absolute goal for SynBERC at this time. Both testbeds aim to “demonstrate the utility of synthetic biology” and to “develop the the foundational infrastructure that is needed to make routine the design and construction of any engineered biological system” (SynBerc a). The project itself is in a preliminary stage, but the theoretical development of how synthetic biology projects should operate has been laid out extensively. Demonstrating the goals of synthetic biology through the tumor-killing bacteria project provides a more attainable goal for the near future. A major aspiration for this project is to show the integration of the three biological thrusts of Synthetic Biology: the chassis, device and part. SynBERC emphasizes on their website the way that the tumor-killing bacteria project has demonstrated the ability to successfully incorporate these three elements in their work: 
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Even the preliminary stages of this project have tried to demonstrate the expanding horizon of this method. Furthermore the independence of each element of the ultimate tumor-killing organism suggests the possibility for diverse utility in other projects. The development of a myriad of theoretically independent parts (such as environmentally stimulated promoters), devices (like quorum sensors) and chassis (like E. coli containing a simplified genome and other modifications to reduce the possibility of sepsis) will continue to be produced throughout the project, much sooner than a final tumor-killing bacterial product. Before this goal is reached, one of the unique and innovative aspirations of the SynBERC endeavor is to share the newly developed technological components of the project with other researchers in the field, using a model similar to open source or creative commons in more traditional engineering/computing. This registry is made accessible to researchers through online access to a database of parts, devices and chassis, currently housed by a Massachusetts Institute of Technology (MIT) website known as  "Bio Bricks" (Massachusetts Institute of Technology).  The open sharing and proliferation of biological parts, devices, and chassis amongst researchers has been a major component of the discourse surrounding the emergence of synthetic biology and of SynBERC as an institution.  This emphasis on the sharing of emerging lab developments is one way in which synthetic biology has attempted to integrate engineering principals into the practice of biological research.  Namely, the thought is that standardization and modularization, two techniques that have had proven success in creating the whirlwind expansion of computer engineering and data processing, can be better achieved by allowing open access to and collaborative development of biological components. The tumor-killing bacteria research will proliferate and add to this discourse as it progresses.  

            Another major goal of synthetic biology, which the tumor-killing bacteria test-bed will hopefully demonstrate, has been to show how biological engineering can operate in a very similar way to electrical and mechanical engineering. To this end synthetic biology test-beds hope to use the principle of “abstraction hierarchy”.  This is being done by imagining the bacterial system as one similar to a machine. The traditional bioengineering of cells tries to augment a specific function already contained within a cell (a top-down approach to design). Proponents for synthetic biology argue that this approach is quite limited. Synthetic biology aims for a bottom-up approach to design that views the chassis of the organism as an empty vessel (much like the container of a machine) ready to be filled with functionally designed biological parts. This allows the engineer to design their organism more exactly, picking and choosing from the open registry of parts to fulfill the functionality that they hope to acquire. The tumor-killing bacteria project hopes to put this method into practice. When their work is presented this is emphasized through the use of mechanical models to describe the way the bacterial cell could function just as machine does: 
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(Borrowed from Chris Voigt (UCSF) presentation to CalTech, 2006. Available at: http://www.voigtlab.ucsf.edu/presentations.html) 

            Dr. Christopher Voigt of the University of California, San Francisco used this image at a presentation to Cal Tech in 2006, he borrows the image of Lego parts to evoke this engineering abstraction principle. If the organism is looked at like a machine, the possibilities of using parts, devices and chassis across a wide range of different projects from the open source registry seems hopeful.  The pieces can clip together like Lego parts, in a manner theoretically more efficient than current methods. The integration of the "three thrusts" as well as using engineering-like abstraction hierarchy allows for a new style of biological engineering that is unique to synthetic biology.  The style can be thought of as being able to build the organism from the bottom up.  Rather than modifying the inherent qualities of an organism, synthetic biologists hope to design an organism from scratch, using pre-designed components that will fit together much like a gadget made of legos. The tumor-killing bacteria project is striving toward this aim and current research is showing many of the advantages of this approach, but also some of its disadvantages. 

Top-Down vs. Bottom-Up 

            In this next section we will outline how Chris Anderson tackles the possibility of tumor-killing bacteria via a "bottom-up" approach, utilizing the principles outlined previously.   This will be compared to other projects that use the traditional "top-down" method in exploring Clostridium, a genus of bacteria, as a potential treatment for tumors. Scientists chose to use the spores of the bacterium Clostridium because it germinates only in low-oxygen environments and releases toxins capable of lysing eukaryotic cells. The characteristic of being an obligate anaerobe is innate and would easily allow germination in a tumor (an area normally not well-vascularized, hence much lower in oxygen content than normal tissue), but not the patient's normal, well-vascularized tissues (Nuyts). Anderson decided to use the lab E. coli K12, a species also shown to localize to tumors  as his organism of choice for drug delivery (Anderson). However, there are key differences that set these two tumor-killing bacteria apart, stemming from the difference between "top-down" and "bottom-up" research methods. 

            A challenge to the top-down line of attack with Clostridium was how to overcome difficulties posed by other inherent qualities of the bacteria that may hinder its potential as a cancer treatment. This genus of bacteria releases enterotoxin, which causes cells to lyse, or burst; some of the toxins released are pathogenic only to animals, others to humans as well, so scientists had to choose carefully which strains could actually kill tumor cells via toxin release without going systemic and causing pathology in the test subject or individual (Nuyts, Kominsky). In studies,  Clostridium spores germinated in tumors as expected due to the hypoxic environment, but the toxin released from the growing bacteria also entered the bloodstream, eventually killing the animal. Other tests using different strains of Clostridium spores showed that tumor cells were lysed in test mice without causing pathology, but not all of the tumor was destroyed (Kominsky). Using Clostridium differs from the case study with E. coli because the lab strain used in Anderson’s research is not pathogenic to humans – without any manipulation, the microbes could conceivably localize to the tumor but would not do it much harm. Hence, the E. coli bacteria would have to be engineered to be tumor-killing from the beginning, but would also conveniently lack pathogenic qualities present in certain species of Clostridium. 

            Anderson’s plans are to one, program normally non-invasive E. coli to evade the immune system and enter eukaryotic cells with the gene inv from Y. pseudotuberculosis, an intracellular pathogen; two, escape the phagosome or vacuole in which it resides after being taken up; and three, deliver a therapeutic drug (Anderson-lecture). E. coli is normally not capable of any of these tasks, so from the ground up, genes coding for enzymes and proteins mediating these activities must be integrated into the bacterium, e.g. inv for invasin. Recombinant DNA technology allows bacteria to be transformed with genes not normally present in their own genomes and was utilized in studies for both types of bacteria. Scientists generated Clostridium spores that contained genes coding for different proteins or enzymes capable of killing tumor cells, such as TNFα, a molecule which induces apoptosis, or cell death. Other possible genes include ones coding for enzymes that convert non-toxic molecules into toxic ones (Kominsky). As another safety precaution, scientists have also tried editing the Clostridium genome by deleting antibiotic resistance genes (Mengesha). One species, Clostridium novyi was shown to spread through tumor tissue and stop further growth, but needed the gene for one of its toxin to be deleted because it proved to be lethal to test mice (Dang).  The use of such methods in Clostridium was to “tweak” what already existed – the bacteria already possess the ability to harm tumor cells and the introduction of genes coding for proteins such as TNFα were meant to enhance its capabilities. In contrast, Anderson’s tumor-killing bacteria involves much more genetic manipulation – the use of E. coli K12 as the starting point is like working with a clean slate. This allows for more control over the bacteria’s desired behaviors because they have been “programmed” to perform in such a way; Clostridium is not nearly as well characterized as lab E. coli strain (scientists are still unsure which phospholipase from C. novyi actually functions to kill tumor cells), thus the potential for unforeseeable obstacles may be greater (Anderson-lecture).

            Whether the "bottom-up" method will yield novel and effective treatments remains to be fully realized. Synthetic biologists working on such projects like tumor-killing bacteria have emphasized that the theory differs from the actual practice. Much time in the lab is spent trouble shooting and trying to determine what modifications need to be done to actually allow the parts and devices to function as they should inside an actual living organism. To make a whole organism function is more complicated than simply sticking lego parts together.  Living organisms are dynamic and often not completely predictable.  After parts have been put together, significant time must be taken to synchronize the working parts to function in a foreseeable manner. The importance of working promoters, inverters, ribosome binding sites, etc. is reflected in the BioBricks registry of parts and the iGEM competition, in which students are required to enter the parts they designed for their projects into registry. For example, Princeton's iGEM team for 2007 based their project on viruses than can target tumor cells and induce apoptosis. Some of their contributions included parts coding for pro-apoptotic transcription factors and siRNAs (interference RNAs) that target transcripts for proteins over-expressed in cancerous cells (Princeton iGEM website). Ideally, such parts will become well-characterized through use in experiments conducted by other synthetic biologists using the registry. The hope is that scientists will be able to include details about how each part functioned in their research, including failures, thereby allowing the field to advance (Anderson-interview). 

 Chemo- & Radiotherapies

        Of the various ways to treat cancer today, chemotherapy and radiotherapy/radiation therapy are most common options for patients. Chemotherapy involves the use of chemical agents to kill cancer cells and prevent them from growing (www.chemotherapy.com).  Radiotherapy is the medical use of x-rays to fight and control malignant cells in cancer treatment (www.cancerbackup.org.uk).  A discussion on the principles, treatment schemes, and side effects of both will follow, along with the comparison of their advantages and disadvantages to tumor-killing bacteria.
        Chemotherapy has been around since the 1940s and is considered a systemic treatment because it can “eliminate cancer cells at sites great distances from the original cancer” (www.chemotherapy.com).  The first treatments used nitrogen mustard, a chemical warfare agent; this was discovered as two pharmacologists were hired by the United States Department of Defense to test for therapeutic applications of chemical warfare (wikipedia.org).  More than half of all people diagnosed with cancer undergo this treatment, whether solely or in combination with other treatments, to control or cure it.  With over fifty different drugs for over 200 types of cancers, chemotherapeutic drugs work by impairing mitosis by effectively targeting fast growing cells, both cancerous and healthy cells are affected (www.cancerbackup.org.uk, wikipedia.org).  These drugs can be administered orally as a pill, injected like a flu shot, or as an intravenous injection (www.chemotherapy.com).  Dosage and delivery is dependent on a variety of factors such as patient’s health, body surface area, weight, and height, type of cancer, where it is found, and its toxicity (wikipedia.org).  A strictly followed standardized treatment program is planned between the patient and the doctor.  Side effects with chemotherapy are not uncommon and may cause hair loss, anemia, changes in the bone marrow affecting blood cells and platelets, sores forming around the mouth, dry skin, and vomiting, diarrhea, or constipation to the digestive system (www.cancer.org).
        Radiation treats cancer similarly to chemotherapy in killing the cancer cells, but instead of sending these cytotoxic rays throughout the entire body harming even healthy cells, radiation can be directed specifically to the tumor.  Although normal cells around the malignant tissue are also damaged by the radiotherapy, they can repair themselves (www.oncolink.com).  Radiation can also be administered either externally or internally.  External treatment utilizes a machine to direct high-energy rays or particles to the defined area of the tumor and margin around it.  Patients usually receive one dosage a day for three to seven weeks (www.oncolink.com).  Internal radiation therapy is also known as brachytherapy, radiation delivered from a short distance.  This form of radiation is most commonly used for cancers of the uterus, cervix, and prostate, but may also be used for tumors involving the head and neck, breast, lung, and thyroid.  Unlike external beam radiation that delivers radiation to larger areas and in turn exposes larger areas of healthy tissue, the radiation from brachytherapy affects only the tissues that are in close contact to the radioactive source (www.oncolink.com).  The radioactive substance is usually “sealed” in small containers known as implants (such as seeds, thin wires, or tubes), which are then surgically placed or inserted using an “applicator,” taken orally, or injected into the bloodstream (www.oncolink.com).  Radiotherapy treatment can cure some cancers and can reduce the chance of a cancer coming back after surgery. It may be used to reduce cancer symptoms for palliative therapy (wikipedia.org).  Unlike chemotherapy, radiotherapy’s side effects vary from none to acute to long-term, depending on the patient, type and dosage of treatment.  Treatment is usually painless, but side effects include damage to epithelial surfaces, swelling, infertility, hair loss, dryness, or even secondary malignancies (wikipedia.org). 

       Great detail into chemotherapy and radiotherapy help to paint a clear picture of the disadvantages present in today’s current treatments and why tumor-killing bacteria is an appealing direction for research.  Chemotherapy was discovered through a top-down/trial and error method, explaining for why it simply destroys all cells.  No exception is made for the healthy cells that possess the characteristic of fast dividing; chemotherapy just goes into the body and blasts cells.  This treatment does its job sloppily because of its non-specificity.  Radiotherapy is more controlled in its attack on cancer cells, but x-rays are unable to distinguish the difference between cancerous and healthy cells.  With tumor-killing bacteria, the organism can be designed to go directly to the tumor by detecting cancer-related environmental conditions, such as low oxygen and high cell density, without harming any healthy cells.  In addition, chemotherapy’s side effects are atrocious—hair loss, anemia, and nausea.  On the positive side, radiotherapy reduces the amount of pain and side effects.  However, the possibility of obtaining long-term side effects and secondary malignancies work against the fact those patients should be healing.  Patients are already suffering from cancer, aggravating their physical bodies with harmful drugs can make them even more susceptible to other ailments.  Drugs that worsen a patient’s current state in order to heal them are unnecessary.  If tumor-killing bacteria is successfully engineered, a patient may actually be spared a vast amount of the side effects present in chemotherapy and radiotherapy, as the bacteria may be removed by the immune system after its therapeutic job is fulfilled.
      Tumor-killing bacteria is an idealistic treatment for cancer.  Thanks to synthetic biology and its ground-up approach, the ideal of tumor-killing bacteria for mammals can become a reality.  It would be less invasive and more site-specific with its ability to access all areas of solid tumors.  Programming all the desired tasks of induction, detection, binding, tumor-invasion, release of a cancer-killing drug, and a self-lysing mechanism for its removal would spare the patient the pain, uncertainty, and side effects found in today’s current cancer treatments.  In comparison to either chemotherapy or radiotherapy, tumor-killing bacteria is advantageous in its dictated specificity and safety, least side effects and invasiveness, as well as its cost-effectiveness in production.  If a solution is not yet to be found, then create your own.

Safety, Security, and Preparedness Issues 

Dual Use 

        Due in part to some of the specific technologies and ideologies employed in its engineering, the tumor-killing bacteria project is uniquely susceptible to some of its components or even the whole device itself becoming used to accomplish negative purposes other than those for which the bacteria were originally designed. These alternate uses, whether done intentionally by third parties or through unforeseen biological occurrences, comprise a problematic domain for tumor-killing bacteria and synthetic biology as a whole that will be represented here under the title of "dual use."  Specifically, three problems of dual use stand out and will be investigated further in this context. First, the bacteria must be able to evade the immune system; second, it must actually kill cells; and third, scientists developing parts allowing for these behaviors are keeping in mind that the parts must be modular components able to be augmented for alternate purposes with relative ease through an accessible registry.  Any one of these factors by itself poses a significant threat in the dual use context, but put together they seem to have major potential as part of  “rogue scientist” agendas. 

         The BioBricks registry is still in its early stages and must undergo many revisions before reaching its full potential as a useful database of well-characterized parts, but concerns over misuse do need to be addressed early on, especially in a post-9/11 world.  Due to the open source nature of BioBricks, scientists are encouraged to both put parts into the registry and use ones contributed by others, so there is the possibility that "dangerous" parts could be used by rogue scientists to create especially virulent strains of bacteria or viruses -- which leads to a very important question: how open source should the registry be it be?  

         Tom Knight believes that if the registry were entirely open source, i.e. no restrictions of any kind, the understanding of any and all parts and their functions would increase among the community of scientists using the registry.  He also believes that the number of “good scientists” far outweighs the number of “rogue scientists” and therefore, if misuse of certain parts were to occur, there would be many well-informed scientists capable of dealing with such situations.  Like Knight, electrical engineer Robert Carlson, PhD, who is very familiar with laws and regulation within engineering disciplines, argues that post 9/11 rules imposed on researchers studying dangerous pathogens have actually deterred many scientists from continuing their studies and similar legislation meant to further an emerging field such as synthetic biology may end up stifling it instead. Money and funding also become major issues when discussing the possibilities of such disastrous events: how will scientists deal with, for example, a bioterrorist attack if they do not have the money to develop the proper tools and infrastructure to do so? Carlson emphasizes the importance of funding through businesses such as rapidly-growing DNA synthesis companies in order to expand the network of scientists and available tools and to develop proper protocols (Carlson). Chris Anderson has a different take on it, stating that he thinks the registry should have tighter regulation as to who gets to use it, thereby reducing the potential for misuse (Anderson-interview). 


Mutation 

        Another major concern that lies not within dual use, but within the safety aspect of such a treatment, is the potential for DNA mutations to affect programmed functions. If say for instance, the promoter or other regulatory factors engineered into the bacterium were to lose functionality due to mutations, it is possible that the treatment would not work or disease could result, e.g. sepsis. Mutations in theory could cause the patient or test subject harm in many different ways, so having solutions for such problems as well as being prepared for the possibilities are essential.
        Solutions to these problems lie both within and outside of the project itself.  Scientists are engineering the bacteria to have multiple “fail-safe switches” that will result in the cell destroying itself not only after it reaches the tumor cell, but also if a mutation is present.  Even though the chance for mutation in a tumor-killing bacteria cell could be passed off as just a statistic (10^-6 chance per base pair), it is still a very real possibility that scientists are undoubtedly taking very seriously (Anderson-interview). The hope is that further research into designing parts and devices will lead to the ability to build reliable layers of regulation and increase the predictability needed for evaluating the safety of engineered live organisms used as treatments. 

Time Frame of the Project, Funding, and Interest in Tumor-Killing Bacteria 

         As a test bed project for SynBERC, tumor-killing bacteria is subject to certain criteria that must be at least established if not met.  One such criterion is a time frame for stages of completion.  After an interview with tumor-killing bacteria’s lead scientist Chris Anderson, we found the project to be at the crux of passing from one stage of completion to the next.  Currently the project is in the paperwork phase to begin testing the chassis in animals, and with luck this will be underway by mid January (Anderson-interview).  This is a significant step forward for the project, but there still is a long road ahead.  

        As described earlier, the tumor-killing bacteria project was chosen as a test bed for SynBERC mainly because it serves as a working example of research in the context of synthetic biology and contributes to establishing the foundational technologies needed for the field to flourish, not because the project is necessarily targeted toward treating cancer. Why then use the label of "tumor-killing bacteria" for these early stages of the project?  Why not call it "establishing fundamental technologies for the field of synthetic biology"? Realistically, synthetic biology has a long way to go, and the attractiveness of a project aimed at treating cancer will bring in both researchers and money. Graduate students are more likely to want to be involved in a project to find a treatment for an illness as significant as cancer, and funders, be it the government or venture capitalists, will also find the idea appealing (Anderson-interview). Moreover, the use of tumor-killing bacteria as an example of how synthetic biology works helps those unfamiliar with the field understand its fundamentals, e.g. parts, devices, chassis. Currently, funders for the project understand its role within SynBERC, so a defined time-line from start to finish has not been deemed necessary. How long until E. coli as a cancer treatment becomes a reality is yet to be determined; much of it depends on the growth of synthetic biology itself through the participation of other scientists like Chris Anderson.

FDA Approval  

Another potentially problematic domain that Anderson’s tumor-killing bacteria project broaches is the way that therapeutic drugs have historically been conceptualized and used in the institutions of western medicine.  Through much of the course of western medical tradition, the major acceptable method for treating individuals found to have disease states has been the use of pharmaceutical drugs and, in particular, drugs that are comprised of single-molecule chemical compounds.  In fact, most of the drug development, approval and implementation plans the world over are based around a single-molecule intellectual infrastructure that has been with medicine for the major part of its modern history.  However, recent developments in bacterial therapies, occurring primarily in Europe and Asia, may suggest that a move away from one molecule therapeutics towards probiotics may be forthcoming. 

While the practice of synthetic biology itself has proven to be innovative, crossing several longstanding barriers in scientific mindsets by bringing engineering attitudes to biological subject matters, even it has remained within the one-molecule paradigm in its previous attempts to address therapeutics.  Specifically, Anderson’s real forbearer in the use of synthetic biology in the field of medical treatment, Dr. Jay Keasling’s watershed synthetic biology project that used bacteria and yeast to manufacture the anti-malarial drug artemisinin, still focused its attention to treatments well within the therapeutic norm.  So, while Keasling’s approach to product development and manufacture was highly inventive in that it worked from the ground up to implement a human-designed biological pathway into a foreign organism, the end product was still a single-molecule drug that had already been in existence in the pharmacopoeia for quite a while, only previously at a higher cost (Ro, 2006). Furthermore, though Keasling’s project was spared significant amounts of red tape by the fact that it was recreating a drug that was already in use, it was also aided toward that end in that its specific target markets, consisting mostly the rural poor of the third world among whom malaria is most prevalent, allowed a circumventing of the rigorous medical approval agencies of first world nations (OneWorld Heath).  While this fact proved to be a lucky benefit for Keasling’s endeavor, both in terms of cost for users and the speed with which synthetic artemisinin could made available for use, it is one that isn’t likely to be encountered in the treatment of diseases that are more widely distributed across all strata of world socioeconomics, like cancer or AIDS for example. 

The obstacles that stand in the way of Anderson’s tumor-killing bacteria project ever actually coming to use for treatment in the context of the broader medical marketplace are much more substantive and numerous than anything Kiesling’s artemisinin work was forced to encounter (Anderson, Nov.).  For one thing, his therapeutic mechanism, namely living bacteria that selective evades the immune system to selectively destroy harmful cells, falls well beyond the purview of a one molecule drug approach.  However, recent developments in bacterial and viral biology have also been challenging the earlier hegemony of single small molecule in drug treatment.  These examples, including anti-cavity bacterial dental washes, treatments for vaginal infection and even anti-cancer drug delivery systems, have so far met with some of difficulties that one might expect when proposing living and self-replicating bacteria as a means for therapeutics, but also some unexpected luck.  

In particular, companies such as Osel and Oragenics, which plan to use bacteria in UTI treatment and dental care respectively, have faced hard times in acquiring venture capital presumably due to investor shyness stemming from the many question marks still ahead for this domain of treatment (Osel web).  However, more than just encountering roadblocks in the domain of funding, such bacterial therapies face intense scrutiny from regulatory and governmental bodies that surround the realm of medicine, perhaps foremost of which is the FDA.  Although several of these probiotic treatment methods have been approved by regulatory agencies abroad (several bacterial prescriptions are available in Japan and elsewhere), none have yet to pass phase III FDA trials. Santa Clara, California based Osel Inc. may have the farthest along bacterial therapy in FDA testing with its bacterial vaginosis treatment, LACTIN-V, entering phase III (Osel web).  The major problem issues in gaining approval from such agencies seems to be of the safety variety i.e. weather broad use of such treatments can be used without further physical detriment.  While safety concerns are the usual terrain of groups such as the FDA but due to the fact that “the (bacterial) agent is new and self-replicating,” such groups appear to be taking extra precaution (Baker, 2005).  Yet, due to the life-threatening nature of cancer as a disease, anti-cancer bacterial therapies may encounter less resistance from governance in that their potential positive impact on patients may outweigh any downsides/side effects. 

In regard to any human practices implications of an Anderson-type TKB or other anti-cancer bacterial therapy, the institutions of economy and government medical regulation have avoid any such question, perhaps feeling them beyond their purview.  Yet, as we have seen, these are not the only issues at play when considering emerging technologies in synthetic biology and bacterial therapy. 

  

Distribution 

The access to treatment of cancer from a completed tumor-killing bacteria project will be significantly limited to the cost of the cells once they are ready for distribution.  But the cost of the cells will be a factor not of producing the drug, but of both the licensing fees as well as the cost of clinical trials for FDA approval.  The drug itself would have nearly no cost for production once completed, as it will be self-replicating, so the factors of pricing and distribution will be primarily just those economic ones, i.e. how fast the company with the license wants to make a profit, and how much profit.  This seems to be a fairly standard situation for therapeutic drugs in general, so there isn’t anything special about the distribution of tumor-killing bacteria other than the idea of intentionaly subjecting patients to bacteria, something that's been practiced for decades with antibiotics. 

    Conclusion 

        In this paper we have investigated the many dimensions of the SynBERC Tumor-killing Bacteria Testbed. Because of current limitations to cancer treatment, the bacterial model provides hope that a new treatment, designed from the "bottom-up", will be a more efficient, targetted therapy. We have tried to emphasize, however, that one of the most important goals for this project is the advancement of the field of synthetic biology itself, as the project remains in a preliminary stage of research. Much of what can be accomplished in synthetic biology as of now and what scientists hope to accomplish in the future have come about through advances in genetics-based disciplines as well as further technical innovations. Synthetic biology should not be viewed as an adversary to methodologies such as the top-down approach, i.e. synthetic biology is a different way of looking at science, not necessarily better, and is considered by scientists like Chris Anderson to be the result of a natural progression in genetic engineering and the development of analytic techniques. 

        Our investigation has also shown that various "human practice" concerns are not being addressed in the Tumor-Killing Bacteria Testbed, particularly those concerned with the "dual-use" issue.  Despite being part of the SynBERC collaborative and its goals to integrate "human practice"  into their research,  we have found that currently scientists working on this project are operating under a Mode 1 framework, seeing problems only arising from issues of "safety" rather than "security" or a need for "preparedness" (Rabinow and Bennett 2007).  Other medical advances using bacteria as a therapeutic tool show promise for its development, but we believe that in order to benefit society completely, a collaborative approach addressing humanistic concerns needs to be more fully addressed.
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