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Bowman-Birk protease inhibitor peptide synthesized in situ to
protect against ionizing radiation
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Abstract

Exposure of astronauts to high-energy ionizing radiation is a substantial barrier to long-term space travel. The energy from ionizing radiation can induce damage to DNA such as
single and double-strand breaks, interstrand crosslinks, and mismatched bases. Of these lesions, double-strand breaks are highly mutagenic, leading to a high rate of mutation
and increasing an individual's lifetime risk of cancer. Current solutions to prevent DNA damage during space missions are sufficient for low earth orbit but are ill suited for travel
outside of the Earth’s magnetosphere.

Comments

Rozak: HI! I'm excited to see you're presenting your research here.
rcvarga: Thank you David, we're excited too!

The 2016 University of Calgary International Genetically Engineered Machine team developed a conceptual design to address this issue through the use of synthetic biology and
the genetic engineering of Bacillus subtilis. The goal was to engineer the WB800 strain of B. subtilis to express a recombinant and modified peptide derived from the Bowman-Birk
protease inhibitor, a protein natively found in soybeans which has been shown to elicit radioprotective effects in murine models. Bacteria would be transformed with DNA
encoding a modified version of this protein and contained, along with growth medium, within a patch adhered to the surface of the skin. This would allow for the continuous
production, secretion, and diffusion of the Bowman-Birk peptide from the patch for transdermal delivery into the body.

In the process of developing the patch system, several key elements were tested. The radioprotective effects of the peptide were measured in 1BR3 human primary fibroblasts
using immunofluorescent staining for y-H2AX and 53BP1, which are markers of DNA damage. The growth of B. subtilis in expected patch conditions was observed in a series of
growth curves. Patch materials were tested to ensure that the bacteria would be contained within the patch while the peptide could flow through. The modified Bowman-Birk
protease inhibitor peptide was found to decrease the markers of DNA damage by up to 32%. B. subtilis was successfully maintained under patch-like conditions for three days.
Lastly, a size-selective membrane was successful in segregating the bacteria in the patch.

Comments

devang: Cool project! The abstract should be significantly shorter imo. Typically an abstract should provide an overview of: motivation/problem>proposed
solution>testing/methodology>result>outlook
jejohnston: Thanks for the feedback!
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Introduction

Overcoming damage incurred from ionizing radiation is a substantial challenge in the field of long-term space exploration1. With every trip into space, astronauts are exposed to
high levels of X-rays and gamma rays, which can damage a cell’'s DNA and lead to harmful mutations or cell death. As a result, the amount of time an individual may spend in
space is currently capped at a lifetime maximum of three years.

lonizing radiation (IR) disrupts biological molecules by breaking chemical bonds. In cellular DNA, IR can lead to highly mutagenic double-strand breaks, which, if left unrepaired,
will lead to cell death2. The cell's natural response to double-stranded breaks is to activate the non-homologous end joining (NHEJ) pathway, in which two blunted ends of DNA
molecules are fused together in a sequence-independent manner. NHEJ is inherently an error-prone process; therefore, the more double-stranded breaks an individual is subjected
to, the higher the probability that errors or mutations will arise, increasing an individual’s lifetime risk of cancer2. Sources of ionizing radiation include the sun and the galactic
cosmic rays. Humans are normally protected from ionizing radiation by the Earth’s magnetic field, however, little protection is offered outside of the magnetosphere3.

Current methods to protect astronauts from IR rely heavily on physical shielding. While effective, these methods are often expensive, difficult to employ, and not portable3. Lead or
water shielding, for example, increases the cost of space missions dramatically; for every extra pound of material that must be transported into space, $10,000 USD of extra fuel
must be consumed4. Other radioprotective methods include the use of space suits and radiation shelters made from radioprotective materials combined with minimizing IR
exposure time, but these technologies are still in development, and will quickly become a limitation for missions in deep space3.

The Bowman Birk protease inhibitor (BBI) is a soybean-derived protein that has been shown to enhance the rate of NHEJ. This is mediated through the phosphorylation and
nuclear transport of the epidermal growth factor receptor (EGFR) and subsequent recruitment of DNA repair machinery5. 10 uM of BBI in human primary fibroblasts is enough to
elicit a relative radioprotective effect, a trend observed in multiple cell lines with functional TP53 proteins6. Furthermore, it has been shown that the radioprotective effects of BBI
begin to plateau at 30 uM7. We propose that the administration of BBI could provide an additional level of protection to astronauts against IR, providing increased safety during
space travel.

Transdermal patches are a non-invasive and portable method of administering drugs over long periods of time8. Here, an adhesive patch was designed for the delivery of peptide
across the skin into the bloodstream. This patch would incorporate genetically engineered B. subtilis to continuously express and secrete a modified nonamer of BBI (mBBI) with
the same capability for radioprotection for transdermal delivery7.

B. subtilis WB800 was chosen as a bacterial chassis for four unique properties: (1) B. subtilis WB80O is deficient in eight extracellular proteases, and would reduce the
degradation rate of mBBI; (2) B. subtilis is capable of endospore formation, which would allow the transformed strain to remain dormant within the patch until activation by the
user; (3) B. subtilis contains a native secretion pathway which can be taken advantage of to secrete mBBI directly into surrounding media; and (4) B. subtilis is naturally competent
and has the ability to uptake foreign DNA when its’ comK gene, the master competency regulator, is activated9, 10, 11, 12.

The relative efficiency of mBBIl-mediated DNA repair was characterized via analysis of yH2AX and 53BP1 foci. These foci form proximal to sites of double-strand breaks and are
removed post-repair13,14. With immunofluorescent microscopy, these foci can be visualized, serving as discrete indicators of the number of double-strand breaks in a cell over
time15. In consultation with Canadian Space Agency (CSA) astronauts Dr. Robert Thirsk and LCol Jeremy Hansen, CSA operational space medicine project officer Dr. Leena Tomi,
and National Aeronautics and Space Administration (NASA) astronaut Dr. Yvonne Cagle, a final patch design was created to be compatible for use in space. The design
considerations included long-term storage at ambient temperature, inexpensive to produce and transport, ease of use, and creating minimal waste. Thus, the transdermal patch
was designed to be lightweight and portable and containing four layers: (1) a biocompatible backing layer capable of gas exchange; (2) a central pocket for bacterial growth and
peptide production with four side pockets, one to isolate the bacterial spores prior to activation, and three to provide additional media for bacterial growth; (3) a size- and rate-
controlling membrane with adhesive; and (4) a backing liner removed prior to application.

Comments

devang: "The relative efficiency of mBBIl-mediated DNA repair was characterized via analysis of yH2AX and 53BP1 foci. These foci form proximal to sites of double-strand
breaks and are removed post-repair” Please elaborate on the nature of these foci, i.e. phosphorylated histones. And the detection method, staining? | am not an expert in
DNA repair/cancer and this was not clear to me.

sid-goutam: Thanks Devang, we will have to clarify that before submission.
devang: " In consultation with Canadian Space Agency (CSA) astronauts Dr. Robert Thirsk and LCol Jeremy Hansen, CSA operational space medicine project officer Dr.
Leena Tomi, and National Aeronautics and Space Administration (NASA) astronaut Dr. Yvonne Cagle, a final patch design was created to be compatible for use in space.” |
suggest you move this to the acknowledgement section.

rcvarga: Ah yes, we will re-word it and move it to the appropriate section. :)

Materials and Methods
Truncated BBI Design



The experiments conducted in this study involve the truncated nonamer of BBI. To increase the solubility of the nonamer, the KSCI peptide sequence was added to the N-terminus,
while a single phenylalanine was added to the C-terminus. The human influenza hemagglutinin (HA) tag was fused to the new C-terminus for immunodetection, giving a final
peptide sequence 23 amino acids in length (KSCICALSYPAQCFYPYDVPDYA). This sequence will herein be referred to as modified BBl (mBBI). All peptides were synthesized by
BioBasic.

Construction of Genetic Circuits

Six genetic circuits were designed for the production and secretion mBBI from B. subtilis WB800. In addition to the sequence for mBBI, several tags were added upstream and
downstream of the peptide. A B. subtilis secretory tag
(ATGAATATCAAGAAGTTCGCAAAACAGGCGACAGTCCTGACCTTTACCACCGCCCTCTTGGCAGGGGGGGCGACCCAGGCATTCGCT) and a transdermal tag from the USTC China 2013
iGEM team to allow for diffusion of mBBI across the skin (GCTTGTTCTTCTTCCCCATCTAAGCATTGTGGT) were fused to the N-terminus16. Three of the constructs had mBBI
fused to the N-terminus of GFP for visual detection.

Two constructs were designed for the expression of comK. The comK gene was flanked by sequences for the AmyE locus in the B. subtilis chromosome (5’ region of homology:
TTTCATTTGGTTCTGGCAGGACCGGCGGCTGCGAGTGCTGAAACGGCGAACAAATCGAATGAGCTTACAGCACCGTCGATCAAAAGCGGAACCATTCTTCATGCATGGAATTGGTCGTTCAATAC,
3’ region of homology:
CAGGCAGTACGCCTCTTTTCTTTTCCAGACCTGAGGGAGGCGGAAATGGTGTGAGGTTCCCGGGGAAAAGCCAAATAGGCGATCGCGGGAGTGCTTTATTTGAAGATCAGGCTATCACTGCGGTC
to allow for integration into the B. subtilis genome. All the designed sequences, except for comK circuits, contained PVeg

(AATTTTGTCAAAATAATTTTATTGACAACGTCTTATTAACGTTGATATAATTTAAATTTTATTTGACAAAAATGGGCTCGTGTTGTACAATAAATGT), a constitutive B. subtilis promoter, and
a ribosome binding site (ATATTAAGAGGAGGAG).

Comments

devang: Not necessary to have sequence information in text since you provide it online. Removing it would make for easier reading.
rcvarga: Thank you!

Full sequences of all inserts can be found online17.

Cloning

All genetic inserts were cloned into the pSB1C3 backbone illustrated in Figure 1. Synthesized genetic circuits for mBBI were cloned into in Escherichia coli TOP10 (New England
Biolabs) using the iGEM BioBrick standard prefix (GAATTCGCGGCCGCTTCTAGAG) and suffix (TACTAGTAGCGGCCGCTGCAG). Both the vectors and inserts contained the
standard biobrick prefix and suffix sequences. Double enzyme digests were performed to ensure proper directionality of inserts. DNA was cut using the restriction enzymes EcoRl,
Xbal, Pstl, and Spel. Detailed protocols can be found online18. Competent E. coli TOP10 cells were transformed with the genetic circuits ligated into pSB1C3 using a standard
chemical transformation protocol. The details of the protocol can be found online18.

pSB1C3 plasmid

2072 bp

l#.psb1c3 image.jpg

Figure 1. Plasmid map of pSB1C3 obtained from Benchling (https://benchling.com/).

Comments

devang: Not required. Certainly not as a main figure if you're considering journal submission.
rcvarga: Thank you Devang, we have removed this figure from our revised version.

B. subtilis Growth Curves



To simulate a 24-hour period of growth in an 8 hour day, three different cultures of B. subtilis WB800 were inoculated at various time points. The first set of three cultures was
inoculated at 04:40, 04:45, 04:50 the day before the experiment was conducted; the second set of cultures was inoculated at 12:20, 12:25, and 12:30 the day of the experiment.
The last set of cultures was inoculated at 08:00, 08:05: and 08:10 the day of the experiment. 1 mL of B. subtilis WB800 overnight culture was subcultured in 9 mL of media for
each time point. To measure bacterial growth, optical density readings were taken at a wavelength of 600 nm using a spectrophotometer (Molecular Devices). Cultures were left to
incubate while shaking at 200 rpm. An initial growth curve experiment was performed in Luria-Bertani broth (LB) containing 100 pg/mL hygromycin at three different temperatures:
4°C, 25°C, and 35°C. A second growth curve experiment was performed at 35°C using a variety of media, all containing 100 pg/mL hygromycin: LB, a 2X concentration of LB
(2XLB), and Super Rich (SR)19. During this second growth curve experiment, 1 mL of each type of medium was added to the cultures every 12 hours for the first 36 hours (a total
of three times).

Immunofluorescence Tagging of yH2AX and 53BP1 Foci for Double-Stranded
Break Detection

1BR3 human primary fibroblasts were generously provided by Dr. Aaron Goodarzi (University of Calgary) on July 15th, 201620. They were cultured on glass coverslips (VWR
International) in Minimal Essential Medium (Gibco) supplemented with 10% fetal calf serum and 10% Pen-Strep. Upon reaching confluency, cells were treated with 30 uM mBBI
and irradiated with 2 Gy gamma radiation from a 137Cs source Gammacell 1000 irradiator (MDS Nordion) after 6 hours. Cells were subsequently fixed with 3% (w/v)
paraformaldehyde containing 2% (w/v) sucrose. yH2AX and 53BP1 foci were visualized by immunofluorescence using an anti-yH2AX primary antibody (Abcam mouse) and an
anti-mouse-FITC secondary antibody. 53BP1 foci were visualized using anti-53BP1 antibody (Abcam rabbit) and anti-rabbit-Cy3 secondary antibody. A complete list of antibody
information can be found in Table 1. Nuclei were labeled with 4’,6-diamidino-2-phenylindole (DAPI). Coverslips were placed on slides using Vectashield mounting medium and the
foci were examined under an oil immersion epifluorescent microscope (Axiovert 200) using a 63x lens (Zeiss). Foci over at least 40 cells were manually counted by individuals
blinded to the IR and BBI treatments used.

Table 1. Antibodies used for the detection of yH2AX 53BP1 foci in immunofluorescence staining for double-stranded break detection.

Comments

devang: This would be supplemental information in a regular journal submission.

rcvarga: Although we have ultimately decided to include it in our revision of our PLOS report, we appreciate the feedback!
devang: | appreciate your sharing the dilutions used, too many papers omit this info!

rcvarga: Thanks, this is something we have noticed too!

Antibody Clonality  Dilution Value Host Species Supplier Catalogue Number Antibody Identifier
Anti-53BP1 polyclonal 1/800 Rabbit Abcam ab21083 AB_722496
Anti-yH2AX monoclonal 1/800 Mouse Abcam ab26350 AB_470861
Anti-Rabbit-Cy3 Polyclonal 1/200 Sheep Sigma C2306 AB_258792
Anti-Mouse-FITC polyclonal 1/200 Goat Sigma F0257 AB_259378

Transdermal Patch Design

The patch was designed to contain a rectangular drug reservoir with the dimensions of 7 cm x 7 cm x 0.29 cm (width x length x height) with a volume capacity of 10 mL. Four
packets are integrated into each corner of the patch, with three containing 1 mL of super rich media each, and the fourth containing desiccated B. subtilis WB800 spores. The
patch will be comprised of four layers as shown in Figure 2. The outermost backing layer will consist of CoTran™ 9722 Backing Polyethylene Monolayer Film (3M). This
polyethylene material is breathable, heat sealable, and resistant to excipient and drug uptake. It will provide structural support of the patch and contain bacteria and media. The
second layer, the drug membrane, will consist of CoTran™ 9728 Ethylene Vinyl Acetate Membrane (3M). This rate-controlling membrane composed of ethylene vinyl acetate (EVA)
is responsible for control of the peptide diffusion rate, while containing bacterial cells in the drug reservoir. To ensure containment of the bacteria within the patch, a 0.2 micron
filter membrane (Pall Corporation), placed between the second and third layers, will be tested. The third layer, the adhesive layer will consist of BIO-PSA Silicone-based Adhesive 7-
4201 (Dow Corning). This layer adheres the patch to the surface of the skin. It also serves as an interface between the patch and skin to increase peptide diffusion. This product
has high oxygen/gas permeability, low pain upon removal to sensitive skin, and increased diffusivity. The bottom layer, the release liner, will consist of Scotchpak 9755
Fluoropolymer Coated Polyester Film (3M), which protects the adhesive from being exposed to external factors. It is chemically inert to drug penetration and water. Materials used
in patch development were generously donated by 3M and Dow Corning.

Figure 2. Conceptual design of the four layers of the patch. The top backing layer allows for gas exchange while encapsulating bacteria and growth medium. Beneath is the drug
reservoir and media packets, which host engineered B. subtilis WB800 and provide additional nutrients, respectively. The membrane below allows for the selective diffusion of BBI
while the adhesive layer increases this diffusivity. The bottom release liner is non-stick for easy application.

Patch Diffusion Assay



E. coliTOP10 transformed to express recombinant Green Fluorescent Protein (GFP) in a pSB1C3 plasmid backbone were used to test different materials for the drug membrane
layer of the patch. 5 mL of an overnight culture grown in 20 mL LB containing 30 pg/mL chloramphenicol was drawn into a 10 mL syringe. LB media containing 30 pg/mL
chloramphenicol was used as a negative control. Two membranes were tested and attached to the open end of each syringe: a CoTran™ 9728 Ethylene Vinyl Acetate Membrane
(3M) and a 0.2 micron filter sterilization membrane (Pall Corporation). The syringes were placed in 250 mL Erlenmeyer flasks containing 10 mL of 0.9% (w/v) saline solution and
covered with Parafilm. The flasks were left at room temperature for 24 hours. 150 pL of the overnight saline solution were plated on 1.5% LB-agar plates containing 30 pg/mL
chloramphenicol. Plates were incubated at 37°C overnight. Plates were checked for signs of growth using UV light following a 24 hour incubation period. The measurements were
repeated every 24 hours for seven days.

Patch Diffusion Modelling

MATLAB (Matrix Laboratory) was used to develop a diffusion model to numerically represent the diffusion of mBBI from the patch, through the skin and into the blood. This
diffusion model was developed to answer the following questions:

e Does the peptide reach a constant concentration in the blood while the patch is on the user? If so, how long does it take?
e Literature values show that the minimum required amount of peptide needed for radioprotection is 10 pM6. Does the concentration in the blood reach 10 pM or higher?

Using Fick’s Law of Diffusion, the flux of mBBI diffusion from the patch to the bloodstream is represented by the following equations:
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The values of the variables in (4), (6) and (8) are located in Table 2.

Table 2. The values used In equations (4), (6) and (8) in the mathematical model represented the diffusion rate of mBBI from the patch into the bloodstream.



Parameter Value Where Value Is Obtained From

Cross sectional area, 4 49 -1073 The patchis 7T cmx 7 cm
(m®)
Diffusion coefficient of 2.38689 1071 | Membrane diffusion coefficient from Hoygsa 2!

membrane, D (ﬁ]
s *The molecular weight (MW) in Equation 5 from

Hoyosa 2! was used as 2579 g/mol.

**The diffusion coefficient of the skin and the
membrane were both assumed to be the same
because they are both porous membranes.

Thickness of membrane, x,, 50.8 -10°% M
(m)
Volume of patch,Vygeen (m?®) 1-.10°% 10 mL
Diffusion coefficient of skin, D, 288689 . 10740 Skin diffusion coefficient from Hoyosa?!
mi
(T] *The molecular weight (MW) in Equation 5 from

Hoyosa 2! was used as 2573 g/mol.

**The diffusion coefficient of the skin and the
membrane were both assumed to be the same
because they are both porous membranes.

Thickness of skin, x, (m) 0.001 Value obtained from Gibney2

Wolume of adhesive, Vpazie 100 -107* Cross - sectional area - thickness of adhesive

(m?) (estimated to be 100 micrometers)

Volume of blood,Vye,q (m?) 0.005 Wolume of blood in the human body ranges from
4T7Lto5L

It was not possible to find literature values for the diffusion of mBBI through the patch’s size- and rate- controlling membrane and the skin. For this reason, it was assumed that the
diffusion coefficient of the skin and size controlling membrane was 2.88689 - 107*° '"T as calculated from equation (5)21.

The production rate, which is the amount of mBBI produced by B. subtilis in a given period of time, was assumed to be 1 mg/L23. Proper conversions were made to the production
rate value to ensure that its units matched in equation 4.

The degradation rate, which is the amount of mBBI lost in a given period of time through enzyme degradation in the liver and excretion through the kidneys, was determined by the
following equation:

degradationrate =k C, (9)

Where:
k= decay constant (s7*)

The exponential decay equation was used to determine the decay constant:
N@=N, ™ (10)
Equation (10) was rearranged for k:

()

k=—""%_qap
—

The values used to solve (11), which used the half-life conditions for the peptide, can be found in the following table.

Table 3. Values Used in Equation (11) in the mathematical model represented the diffusion rate of mBBI from the patch into the bloodstream.

Parameter Value Where Value Is Obtained From
Time, t () 16200 The half life of the peptide
derived from Expasy analysis
Concentration at time t.A(t) 05 At the half life, this ratio will
Imitial conrer:rrcnar:.!\',, al‘wﬂys be D_S because i-t has

half the amount of peptide from
the original amount

After solving for k, we found that its value was 4.2786863 - 1073 s~1. Thus, equation (9) can be rewritten
to be:

degradation rate =42786863-107571 C, (12)

Results



Determination of Patch Longevity

The B. subtilis WB800 growth curves at 4°C, 22°C, and 35°C are shown in Figure 3; the greatest amount of growth was observed in the bacteria incubated at 35°C. The exponential
phase of growth occurred from 0 to 8 hours, while the stationary phase of growth began 8 hours after inoculation. B. subtilis WB800 growth peaked at an optical density of 4.04 at
15 hours post inoculation. Minimal decrease in optical density was observed after 18 hours. At 22°C, the exponential phase was observed from 0 to 18 hours. Optical density
reached a peak at 3.32 when growth leveled off in the stationary phase after 18 hours. After 24 hours, the optical density reached the same value as the culture grown at 35°C.
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No substantial growth was observed in cultures grown at 4°C.

Figure 3. Growth of B. subtilis WB800 over 24 hours at three different temperatures: 4°C, 22°C, and 35°C. The three temperatures represent a negative control, room temperature
of the International Space Station, and the average temperature of human skin on the upper arm, respectively. Optical density was used to measure bacterial growth at a
wavelength of 600 nm. Three replicates were performed and the error bars represent +SEM.

Figure 4 shows the growth curves of B. subtilis WB800 at 35°C in LB with the periodic addition of one mL aliquots of 3 different types of media ( LB, 2X concentrated LB and SR
media). The greatest amount of growth was observed in the cultures receiving SR media, where the addition of SR media every 12 hours extended the growing phase to 72 hours.
This is in contrast to the growth curves when either LB or no media was added, both of which begin to show a downward trend in growth after about 24 hours. When B.

subtilis WB800 was grown with periodic addition of 2X LB, the optical density increased, but did not reach values as high as cultures grown with addition of SR medium.
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Figure 4. Growth of B. subtilis WB800 cells following the addition of 1 mL of either SR, 2XLB, or LB over 72 hours at 35°C. Three 1-mL additions of media were added to the culture
every 12 hours post-inoculation. Optical density was used to measure bacterial growth at a wavelength of 600 nm. Three replicates were performed and the error bars represent
+SEM.

mBBI Decreases the Amount of Double-Strand Breaks in Primary Fibroblast Cells

Whether cells were pretreated or not with mBBI prior to IR exposure, they expressed similar numbers of yH2AX and 53BP1 foci immediately following exposure to IR (Figure 5).
Both cell treatments showed reductions in the number of yH2AX and 53BP1 foci over the following 24 hours, with the curve resembling an inverse decay. However, with mBBI
pretreatment, cells showed up to a 32% decrease in the number of foci consistently across all time points following IR exposure compared to untreated cells (Figure 5). Cells
pretreated with mBBI without IR exposure showed no increases in foci at either 0 or 24 hours when compared to the double negative control. No significant difference was
observed in the amount of double-strand breaks in the cells pretreated with oxidized and reduced mBBI (data not shown).
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Figure 5. The 53BP1 immunofluorescence microscopy assay performed on primary human fibroblast cells (1BR3) using primary mouse H2AX and rabbit 53BP1 antibodies.
Irradiated cells were exposed to 2 Gy of gamma radiation. The secondary fluorescent antibodies used for staining were FITC, Cy3 and DAPI. The results from only one experiment
are shown. Error bars represent +SEM and were derived from the foci counts of 20-35 cells for each treatment at each time point.

Containment of B. subtilis within the Transdermal Patch

Green-fluorescent protein expressing bacteria in LB were placed in a syringe whose outlet was fitted with either the EVA membrane or a 0.2 micron filter sterilization membrane,
and the whole was immersed in a saline solution. Aliquots of the saline solution were taken at 24 hour intervals and plated to determine whether bacteria had escaped across the
membrane. Figure 7 shows plates of aliquots taken at Day 7 seen under UV light. The plated aliquot of the saline solution from the EVA filter syringe set-up showed growth of the
GFP-expressing bacteria (top left). No growth was observed in the plates of aliquots taken from the 0.2 micron filter set-up (top right), and none from the control (bottom). The
same results were obtained in Days 1 to 6.

Figure 7. Day seven plates of the diffusion assay. Top left: Plated sample from the syringe containing culture with EVA filter. GFP fluorescence was observed after overnight
incubation, indicating the EVA filter’s inability to contain bacterial cells. Top right: Plated sample from the syringe containing culture with 0.2 micron filter. No GFP fluorescence is
observed, indicating the micron filter was able to contain the bacterial cells. Bottom: Plated sample from control syringe. No GFP fluorescence is seen as expected.

Transdermal Patch Prototyping and Peptide Diffusion Model

Figure 6 illustrates a graph depicting the expected concentration of peptide in the blood over time based upon a modified version of Fick's Law of Diffusion. It shows that based on
the current design considerations, it would take a considerable time for the concentration of peptide to increase, and it does not reach a steady concentration within the 60-hour
time constraint of the model. The steady state concentrations could be calculated by setting equations 4, 6 and 8 to equal 0.
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Figure 6. The concentration of mBBI in the bloodstream diffused from the patch over time.

Human Practices

Policy Concerning the Regulation of Biotherapeutics in Canada



The evolving fields of synthetic biology and genetic engineering allow for the creation of innovative cell-based solutions only restricted by the imagination. The development of
mBBI as a remedy to long-term IR exposure is one example. However, the ease of manipulation of organisms for new applications may pose risks to the sustainability, biosafety,
biosecurity, ethics, and design efficacy of therapeutic synthetic biology products. Due to the rapid development of innovative drugs produced by and harvested from living
organisms (hereby referred to as biotherapeutics) in the consumer market in recent years, Canadian policy and regulations will soon fail to properly cover the entire collection of
biotherapeutic products, which do not resemble products on which existing regulations have been based24. Currently, the safe manufacture and distribution of biotherapeutics like
mBBlI in Canada is mandated by the Canadian Food and Drugs Act of 198525. Enforcement of this act and implementation of specific guidance for each drug type is overseen by
Health Canada. These regulations were created assuming that biotherapeutics and synthetic biology products could be compared and handled in similar ways to products of
fields such as synthetic chemistry and traditional genetic engineering, which involves introduction of only one or a few genes into an organism's genome26. As a result, risks
assessments and containment strategies fail to account for the unique properties of biotherapeutics. Problems will arise when biotherapeutic products can no longer be
accurately assessed and regulated with existing guidelines and policies. It is recommended that specific guidelines and regulations for the advancement of the field of
biotherapeutics be created, especially for novel and innovative biotherapeutic products, such as the development of an mBBI transdermal patch where no specific legislation
applies. The introduction of such specific laws and regulations will allow for the safe research and use of biotherapeutics. For these regulations to be effective, they need the
coordinated efforts of companies, academic institutions, and other partners. They must build off of existing framework, as they require support from international institutions that
are currently involved first-hand in developing biotherapeutics. Strategies attempting to formulate regulations of biotherapeutics should include an adaptive drug licensing process
that takes into consideration the current existing standard indicators used by researchers.

Discussion

There are two fields in which radiation damage is a concern: medicine (radiotherapy) and space travel. To determine the best application for a radioprotective device, experts in
the field of cancer research and treatment were consulted, including Dr. Corinne Doll, Dr. Eduardo Villarreal-Barajas, and Dr. Nicholas Ploquin. Based on these interviews it was
determined that the patch should focus on protecting astronauts rather than cancer patients, since improved dosing and stereotactic delivery have reduced the risk of secondary
malignancies incurred from radiation therapy.

Three types of devices for delivery of a peptide were considered with the application of space travel in mind: Injections, transdermal patches, and implantable devices. Following
consultation with CSA astronauts LCol Jeremy Hansen and Dr. Robert Thirsk as well as NASA astronaut Dr. Yvonne Cagle and CSA operational space medicine project officer Dr.
Leena Tomi, the transdermal patch was found to be the most suitable given its properties: patches are lightweight, non-invasive, and easy to apply and store. These are all features
that make a patch ideal for space missions.

The safety of the patch was considered in both the choice of patch materials and the choice of bacterial chassis following conversations with Dr. Craig Jenne, Dr. Colin Dalton, Dr.
Hans Vogel, and Dr. Elke Lohmeier-Vogel.

Genetic Circuit Information

The genetic circuits were designed around the central theme of transdermal diffusion and peptide production. The addition of a transdermal-1 (TD1) tag to the N-terminus of mBBI
was used to promote the movement of the peptide across the various skin layers and into the circulatory system16. To ensure secretion of the peptide, a secretory (sec) tag was
fused upstream of the TD1 tag. This secretary tag is a short amino acid sequence native to B. subtilis and functions as a signal for the bacterium to export the peptide to the
plasma membrane for transport out of the cell, where the sec tag is cleaved from the peptide sequence27. The addition of the sec tag allowed for the exploitation of an already-
existing secretory system in B. subtilis.

The production of mBBI had two requirements: (1) the continuous production of mBBI; and (2) the permanent transformation of B. subtilis cells. To ensure continuous production
of mBBI, a constitutively active promoter from B. subtilis was integrated into the genetic circuits. The promoter, PVeg, was identified as being suitable. This promoter was
identified from the iGEM Registry of Standard Biological Parts as a regulatory sequence whose strong expression had been documented by several different iGEM teams and in
literature28,29. The second element included in the genetic circuits for protein production were sequences homologous to B. subtilis genes. The inclusion of sequences

for AmyE and thrC loci both upstream and downstream of the mBBI sequence would allow for the homologous recombination of the genetic constructs with the B.

subtilis genome and integration of the mBB/ gene into the genome. This integration would be necessary to ensure that the transformation of B. subtilis would not be transient.

The final element of the genetic circuits was the inclusion of comK; the master control gene for competency12. The comK gene was placed under the control of a xylose-inducible
promoter, PXylA in order to improve transformation efficiency30. An important feature of the genetic circuit design is that the mBBI insert can easily be released by restriction
enzyme digestion and replaced with a sequence coding for a new biotherapeutic. With comK; the efficiency of transformation of B.subtilis with a new genetic construct would be
similarly enhanced. The expression and delivery of the new biotherapeutics would be facilitated by the same elements that favor mBBI expression and delivery: the transdermal
and the secretion tags. Thus, the versatility of the design of the genetic circuit would allow for the substitution of different biotherapeutics in place of mBBI to enhance the
functionality and usability of the patch system being developed.

Growth Curve Review

The bacterial growth curve indicated the temperature at which B. subtilis will display the fastest growth. The highest population density was achieved at 35°C (Figure 3). These
results were expected given that B. subtilis is a part of the natural skin microflora31. This growth curve displayed a clear exponential phase from 1-8 hours and stationary phase of
growth at 13-17 hours when bacteria were incubated at 35°C. While both cultures grown at 35°C and 22°C reached similar levels of growth after 24 hours, the 35°C treatment
would be more beneficial within the context of a transdermal drug patch, since the cultures at 35°C were able to enter the log phase within a shorter time. The more rapid entry
into log phase would favor adequate peptide production, as that is time period where the greatest amount of peptide would be produced32. The rapid entry into log phase could be
coupled with having a higher initial cell density to maximize the number of cells that would produce and secrete mBBI. However, after 17 hours, the B. subtilis population at 35°C
started to decrease due to a lack of nutrients.

To determine whether sustained growth could be achieved within the patch system for its extended use, 1-mL additions of different media were added to the bacterial cultures
grown at 35°C every 12 hours for the first 36 hours. When additional media was supplemented every 12 hours, the stationary phase was maintained for over 72 hours (Figure 4).
The highest growth was observed in SR, while 2XLB media closely followed. The SR medium was able to foster greater growth due to the doubled amount of yeast extract and the
addition of glucose relative to 2XLB.[19] From 0-23 hours, there was an overlap between the SR and 2XLB treatments; however, this does not affect the outcome of the experiment
since the purpose was to determine which of the media have the greatest benefit when supplemented over the long term (Figure 4). This growth curve indicated that B.

subtilis populations could be sustained over 72 hours if the media was periodically supplemented with fresh nutrients, and this informed the design of the patch to include extra
media packets.

Radioprotective Effects of mBBI



Following irradiation, protein complexes form adjacent to the site of double strand breaks. Proteins, such as 53BP1, can be stained with fluorescent antibodies to acquire a visual
representation (foci) of DNA double strand breaks. The decrease in the number of 53BP1 foci over time is indicative of DNA repair. The preliminary data indicates that the
pretreatment of 1BR3 cells with mBBI results in a reduction of 53BP1 foci faster than basal repair rates, following 2 Gy of gamma radiation exposure. The initial numbers of
double-strand breaks were observed to be similar (4% difference), however, the subsequent numbers dropped by up to 32% at later time points. This indicates that mBBI treated
cells have faster rates of DNA repair, given both treatment groups had approximately equal amounts of double-stranded breaks at t=0. This trend was consistent with past
observations in other cell types showing faster foci reduction and increased viability of cells treated with mBBI after IR exposure5, 33. It has been proposed that BBl enhances
repair kinetics by inducing EGFR internalization and priming the cell for DNA repair by activating DNA PK. Our data supports this hypothesis by indicating that pretreatment with
mBBI results in more rapid loss of double-stranded break foci. The activation of DNA PK resulting from mBBI pretreatment causes the earlier initiation of repair and faster repair of
double-stranded breaks. Thus it can be argued that mBBI does not protect the cell from IR; rather, it primes the cell’'s natural DNA repair mechanism.

Patch Design

The equations for the diffusion model were solved using MATLAB. Figure 6 illustrates a MATLAB plot of the concentration of peptide over time in the blood. This graph shows that
the peptide would not reach a constant concentration in the blood while the patch is in use over 60 hours. The time was extended to determine when the peptide concentration in
the blood would reach steady state. However, this showed that the concentration of peptide in the blood decreases over time without reaching a steady state concentration. Figure
6 also shows that within 60 hours, the peptide concentration will not be expected to reach 10 uM, the minimum needed for mBBI to confer radioprotection6. Both the time to
steady state and the indication that the 10 uM serum concentration will not be achieved suggest that much still needs to be done. The materials used in the patch should be
reconsidered, e.g., a size-controlling membrane with a higher diffusion coefficient needs to be investigated. Other design considerations include finding a way to increase peptide
production above the assumed output of 1 mg/L, and extending the lifetime of engineered B. subtilis WB800 so that the peptide is produced for longer periods of time.

Materials were chosen to fit specifications suggested by astronauts from the CSA and the NASA. In order to be compatible with missions in space, a device must be lightweight
and non-invasive, easy to use, produce little waste, and easy to store for longer intervals. As such, the transdermal patch designed in this study befits the criteria necessary for
space travel.

Several engineering controls were incorporated in the patch to combat contamination issues in different environments such as on Earth, in transit, and in space. The results of the
patch diffusion assay showed that EVA membrane by itself would not be able to contain the bacterial cells, since GFP-transformed bacteria were observed on plated samples of
the saline solution from the EVA membrane. In contrast, the diffusion assay conducted with 0.2 micron filter sterilization membrane (Pall Corporation) demonstrated that it can
contain the bacterial cells, as indicated by the absence of growth on the plated samples. Thus, a 0.2 micron filter was incorporated into the original design of the patch as a
secondary membrane. This would ensure further filtering by the patch to prevent contamination. Additional engineering controls included the use of a backing layer to provide
structural support and resistance to damage from physical impact on the patch.

Future Directions

Future experiments would involve replacing the constitutive promoter; PVeg with a promoter such as PohrB, which is inducible by relatively simple means, i.e., by heat shock or
glucose deprivation34. This replacement would be expected to improve the yield of peptide since this promoter has been shown to initiate gene expression at greater than basal
levels.

Ensuring the integration of the synthetic comK circuit into the B. subtilis chromosome at multiple loci would be worth pursuing. Having comK; the master regulatory gene of
competency, under the control of an inducible promoter would allow for the increased efficiency of transformation of the B.subtilis, providing the opportunity for the future
exchange of biotherapeutic inserts12. For instance, the mBBI coding sequence could be replaced with another biotherapeutic such as one that would increase radiosensitivity. The
transdermal delivery of this new biotherapeutic would take advantage of the features that have been built into the original genetic construct’s design. Being able to quickly
manipulate B. subtilis to produce other biotherapeutics could transform the patch system into an efficient mobile molecular pharmacy.

For safety purposes, an auxotrophy, such as /ysA knockout, would be engineered to prevent the proliferation of bacteria should it diffuse through the semipermeable membrane.
The gene product of the lysA is responsible for the decarboxylation of meso-diaminopimelate to L- lysine35. A knockout B. subtilis WB800 strain of lysA would not be able to
successfully propagate without the addition of L-lysine, confining the bacteria to the patch. Additionally, integrating sequences encoding mBBI in various other parts of the B.
subtilis genome which are essential for amino acid synthesis like /ysA could provide more opportunities for auxotrophy, increasing the safety of using B. subtilis in the device,
while increasing peptide yield. The media in the transdermal patch would then contain the required amino acids with respective to the auxotrophy, which will ensure that the
bacteria can only successfully proliferate inside the patch.

To further characterize the action of mBBI, testing is required in human cell lines other than primary human fibroblasts. Additionally, clonogenics testing would be useful to
characterize the effect that mBBI pretreatment and the reduction of double-stranded breaks has on total cell survival after irradiation.

In order to make the diffusion model more accurate, the diffusion of the peptide through individual layers of the skin will be incorporated into the model. Moreover, the model will
also consider the transdermal tag TD1, which would increase the diffusion rate of the peptide. Bench data on measures of actual peptide output from the bacteria would be
extremely helpful in the iterative refinement of the model.

These modifications to the model will help to determine (1) whether the peptide reaches a steady concentration in the blood, (2) what that steady concentration is, (3) the time it
takes to reach the steady concentration, (4) the concentration at different locations in the skin and body at any given time point, and (5) effects on mBBI concentration in the blood
when the patch is removed. The last point is important to consider as it will help answer questions such as when the user should apply a new patch. A reverse of the model could
also be developed to find the initial concentration of mBBI in the patch to achieve the radioprotective dose of 10 uM6. The results of this would inform experiments on the wet
bench, to work toward achieving the target initial concentration so identified. In conjunction with the results of the patch diffusion assay and initial math model, further material
testing is required to ensure survivability of cells, and monitor diffusivity of mBBI. Mechanical testing, such as finite element analysis, on the prototype design is also required to
ensure durability of the patch in storage and during wear. This testing will provide a method to identify areas of weakness in the patch when subjected to different loading
scenarios and in different environmental conditions. Mechanical analysis will also aid in identifying a design that maximizes the diffusion of mBBI.

Conclusions

lonizing radiation is a barrier that must be overcome to allow for long term space missions, as it causes double-stranded breaks in DNA, which can result in harmful mutations and
increase lifetime risk of cancer. One potential solution is to enhance existing DNA repair mechanisms. The modified nonamer (mBBI) of the BBI peptide has been found to
enhance natural double-stranded break repair pathways in cells, and may thus be able to mitigate damage from ionizing radiation exposure. Through an H2AX assay, BBl was
found to decrease the number of double-stranded breaks in cell populations exposed to ionizing radiation. A patch was designed to contain B. subtilis WB800 engineered to
produce and secrete a modified form of the BBI peptide, mBBI, which was tagged with sequences to promote secretion and transdermal delivery. In the design, bacteria are
contained within a chamber of the patch and supplied with growth media that can be replenished by popping additional media packets. A size and rate controlling membrane
ensures that bacteria are contained within the patch but mBBI is able to travel through the skin into the circulatory system. In the diffusion assay, it was determined the EVA



membrane (3M) did not prevent the diffusion of bacterial cells. Thus, a 0.2 micron filter membrane (Pall) was incorporated into the design as a secondary membrane to ensure
bacterial containment. The patch was designed to meet specifications for space travel following consultation with astronauts and other professionals. A diffusion model was also
developed to provide qualitative answers to key questions such as the expected serum concentration of BBI over time. The predictions of the present model suggest that the
design and materials used in the patch need to be reconsidered, and must take into account data that would come from laboratory experiments, in order to refine the model.
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Comments



PLOSPatrick: A fully formatted Word document version of the UofC_Calgary submission can be found here:
https://synbioplos.breezio.com/document/4625422828202624748/the-subtilis-defense-developing-a-transdermal-patch-to-deliver-bowman-birk-protease-inhibitor-
peptide-synthesized-in-situ-to-protect-against-ionizing-radiation. The Word document is just for reference purposes, and any peer review comments should be posted to
the above article. Thanks :)

rcvarga: Thank you for including this for us!
PLOSFeedback: Hi @myarcell (/user/myarcell) Thanks for your submission to the PLOS iGEM Project. Our editorial team have reviewed your article and have the following
feedback: This is a well thought-out study, including a discussion on the policies and public health issues surrounding introducing biotherapeuticals, like the patch
described here to minimize radiation exposure in astronauts. The authors have started developing several aspects of their biotherapeutical; they have generated a
synthetic bacterium, purified the active agents and shown in vitro that it reduces DNA damage. However, the work may require a little more expansion in order to be
considered as a full research article in PLOS ONE. If we can provide any other guidance or support please don't hesitate to contact us - collections@plos.org

myarcell: Thanks very much for your feedback. It is a fair assessment of the extent of the work completed. We should like to submit this as an iGEM Report to the

PLOS iGEM Collections.
devang: | think this is a well-conceived project overall. However, | do not think it is ready for publication unless the following concerns can be addressed. The project
conceives a wearable patch combining cultivation of GM B.subtilis, secretion of the active peptide and eventually transdermal transport. However no data is presented on
the actual bacterium itself, despite the fact that cloning and design of the genetic constructs is described in the methods section. Data required, at a minimum, would
have to include growth rates of the modified bacterium; expression levels of the mBBI construct, both in vivo and secreted; a dose response to determine the effect of
levels of mBBI and the impact of ionising radiation.

myarcell: Thanks vey much for your feedback!
myarcell: Thanks very much to everyone who left comments on our work. Thanks to PLOS Collections for giving the UofC Calgary team the opportunity to share what we
learned while working on our 2016 iGEM project.
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