Programming bacterial gene circuits for biocontainment and diagnostic production

Tiffany Chien

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY

2022



© 2022
Tiffany Chien

All Rights Reserved



Abstract

Programming bacterial gene circuits for biocontainment and diagnostic production
Tiffany Chien

Synthetic biology is a rapidly growing discipline that aims to rationally design the behavior
of living organisms for an array of applications, ranging from environmental monitoring to one of
particular interest —medicine. For instance, given bacteria’s inherent ability to passively localize
to tumor sites and previous work of engineering bacteria to sense compounds of interest utilizing
genetic circuits, synthetic biologists can engineer bacteria to proactively sense the tumor for
various applications. In this dissertation, we will discuss two such critical applications; one is
ensuring safety of living therapeutics by having bacteria limit their growth to disease sites in order
to prevent off-target toxicity. The other is a novel method of diagnostic readout, using bacterial
production of a volatile compound. The aim of this thesis is to develop safe and robust bacteria-

based technologies as living therapies.

To confine bacterial growth within defined regions of interest, we engineer enhanced
bacterial tropism with genetic circuits that couple bacterial sensing and growth in response to
physiological signatures in vivo. Specifically, we construct oxygen, pH, and lactate biosensors with
tunable features for activation at distinct physiological concentrations. We use these biosensors to
control the expression of essential genes, which results in significant bacterial growth differences
in permissive vs non-permissive conditions. Using pH and oxygen sensors, we demonstrate
preferential growth in physiologically-relevant acidic and oxygen conditions. Upon oral delivery
in mice, these engineered strains lowered bacteria numbers outside of the host. Multiplexing

hypoxia and lactate biosensors with an AND logic-gate architecture resulted in improved



performance, reducing bacterial off-target colonization in a syngeneic mouse tumor model. Taken
together, these results demonstrate a synthetic biology approach to enhance precision localization

of bacteria to specified organ niches.

In additional to engineering bacteria localization, we also want to take advantage of E.
coli’s programmable nature to produce diagnostic molecules. The engineering of microbial
metabolic pathways over the last two decades has led to numerous examples of cell factories used
for the production of small molecules. These molecules have an array of utility in commercial
industries and as in-situ expressed biomarkers or therapeutics in microbial applications. While
most efforts have focused on the production of molecules in the liquid phase, there has been

increasing interest in harnessing microbes’ inherent ability to generate volatile compounds.

Here, we optimized and characterized the production of methyl salicylate, an aromatic
compound found mainly in plants, using a common lab strain of E. coli. We utilized genetic
components from both microbes and plants to construct the volatile metabolite circuit cassette. In
order to maximize production, we explored expressing methyl salicylate precursors, upregulating
expression by increasing ribosomal binding strength and codon optimizing methyl transferase gene
obtain from plant Petunia x hybridaLastly, we validated and quantified the production of methyl
salicylate with liquid chromatography and gas chromatography mass spectrometry (LC-MS or GC-
MS) and found that the codon optimized strain with precursor supplementation yield the highest
production compared to the other strains. This work characterizes an optimized metabolite
producing-genetic circuit and sets the stage for creation of an engineered bacteria diagnostic to be

used in volatile assays.



Finally we conclude by discussing the current efforts to adapt technology described in this
thesis dissertation for clinical research and applying them in genetic mouse models for further
validation. This underlying work contributes to rapidly growing field in synthetic biology to

engineer microbial based living therapy.
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List of Figures

Fig. 1.1] Genetic circuit components and first demonstration of complex circuit in bacteria
(a) Genetic circuits are composed are several parts that are interchangeable with basic components
of promoter, gene of interest (GOI), and origin of replication (Ori). The promoter can be
constitutively regulated or inducible by different chemical or physical cues. The ribosomal binding
site (RBS) tangential to the promoter can be tuned to different strengths that affects the down
stream translation of GOI. The GOI can be a plethora of genes that bacteria can express, ranging
from fluorescent reporters to anticancer therapeutics. The GOI is usually followed by terminators
to prevent unregulated gene expression. Lastly, the Ori. determines the copy number per bacteria
cell. (b) Genetic circuit schematic of toggle switch (left), and it’s predicted behavior (right). The
toggle switch genetic circuit is composed of two inducible promoters (P1, P2), driving
transcription repressors (R1,R2) of respective promoters. Figure adapted from Gardner et al (1)

Figure 1.2| Genetic circuits used for bacteria cancer therapyBacteria can be engineered to
perform different functions for cancer therapy. These functions include but not limited to
biocontainment for safety, efficient tumor specificity to prevent off-target toxicity, robust drug
delivery to ensure maximal cargo release, producing diagnostics for cancer detection and
expressing a diverse range of therapeutic classes ( ie. cytotoxic agents, immunomodulators or gene
silencing RNAs). All of these functions can be programmed by building different genetic circuits.

Figure 2.1 | Schematic of biosensors for engineered bacteria tropisingineered biosensors
detect specific oxygen, lactate and pH levels in organs to enable tropism of bacteria in vivo.
Different organs, ranging from liver (L), spleen (Sp), small intestine (S.1.), large intestine (L.I.)
and tumor (T) exhibit varying bio-chemical signatures (Table 1.1). Bacteria programmed to sense
pH and oxygen enhance bacteria colonization in the small and large intestine, respectively.
Multiplexed lactate- and oxygen- AND logic gate sensing bacteria grow selectively within the
tumor microenvironment.

Figure 2.2 | Design and chacterization of hypoxia, lactate and pH biosensors.,gLeft) Each
biosensor architecture consists of modified native bacteria promoters to sense specific
environmental changes and express GFP. The hypoxia biosensor utilizes the pPepT promoter (or
others) that relies on dimerized FNR to drive gene expression under low oxygen level. The lactate
biosensor contains constitutive production of an LIdR repressor, which de-represses and activates
the pLIdR promoter in the presence of lactate. Lastly, the pH biosensor, based on the pCadC
system, is regulated by the membrane-tethered transcriptional factor CadC. (Righ?) Biosensor
strains were grown in a specified environment (0 and 20% oxygen, 0-10 mM lactate, and 5.5, 6,
6.5, 7 pH) for 16 hours. Fold change was calculated as fluorescent ratio of induced to un-induced
state (n=3, biological replicates, mean ° S.E.M) (see Supplementary Table 2 for details). b, Three
biosensors (pPepT, pTC1908, pTC37. See Supplemental Table 2) were chosen from the variants
and each was grown in pH of 5.3-7.3, 0, 0.1, 1, 10 mM of lactate and 0, 10, 20% oxygen levels for
16 hours to characterize their induction in intersecting environmental conditions. All strains were
cultured and assayed for fluorescence signal compared to a control baseline condition with oxygen
at 20%, lactate concentration at OmM and pH level at 7.3 (n=3, biological replicates, mean data,
see Supplementary Table 5 for raw data and S.E.M).
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Figure 2.3 |In vitro characterization of lactate biosensor variantsLactate biosensor variants
were constructed by generating a library of plasmids containing a lactate promoter driving GFP
and a constitutive promoter driving the lactate repressor. The plasmids were then co-transformed
into E. coli Machl or an EcN strain, resulting in 24 generated variants. Induction data from 24
different strains with a high copy (a), middle copy (b) and low copy (c) reporter plasmid showing
the level of GFP expression (a.u) at each external concentration of lactate (left). The fold-change
of the lactate biosensor was calculated as the ratio of GFP fluorescence in induced to non-induced
states (right). The level of repressor paired with the reporter is represented by the shades of color,
with darker colors corresponding to increasing repressor copy numbers. The dotted (red) line in
(B) represents the optimal strain that matched our criteria of low basal expression and high fold
change upon induction.

Figure 2.4 In vitro characterization of pH biosensor variants. aFor a better understanding of
the pCadC promoter, we tested the pH-sensing capabilities of a CadAknockout strain, which does
not catalyze decarboxylation of lysine to neutralize the bacterial extracellular environment and
observed similar promoter sensitivity. High or low plasmid copy number pH biosensor variants
were constructed using the pCadC promoter driving a GFP gene and transformed into E. coliMach
1 strain or a ACadA strain from the Keio collection (labeled with -1 following the strain name).
Different pH biosensor variants and controls were then characterized by measuring fluorescent
output when grown in a plater reader over a gradient of pH (~5.3-8)(n=1), seeding density of
108/mL in non-buffered pH media. b, Further in vitro characterization of selected pH biosensor
strain pTCO037 by tracking GFP fluorescence signal over time cultured in 10mM phosphate
buffered media with pH raging from 5.2-7.6 , seeding density of 108 cfu/mL (n=3, biological
replicates, mean £S.E.M).

Figure 2.5 | GFP expression of hypoxia biosensor variants in normaxand fold change of
constitutive GFP fluorescence after rescue., dlypoxia biosensor variants (pPepT, pVgb and
FF+20) were grown in normoxia to observe basal promoter expression utilizing GFP as proxy for
16 hours (n=3, °S.E.M) b, pSodA promoter driving GFP expression was cultured in normoxia and
hypoxia over 16 hours followed by fluorescence assay. GFP was normalized by pTac and fold
change was calculated by GFP ratio between normoxia and hypoxia (n=2, ° S.E.M). ¢, Constitutive
promoter expressing GFP was cultured in normoxia and hypoxia overnight with same starting
density. Cultures were then set in normoxia for 4 hours, allowing GFP maturation after being re-
oxygenated. The bacteria were left on ice to minimize the growth and metabolism during
normoxia. From the oxygen rescue, GFP increased by roughly 2 -fold for the strain grown in
hypoxia (n=3, biological replicates, mean®S.E.M).

Figure 2.6 |Growth of essential gene&knockout strains in culture media. @ ODsoo of an asd
knockout E.coli Nissle strain grown with or without the supplement DAP (n=3, biological
replicates,mean® S.E.M). b, ODsoo of gimsknockout S. typhimuriunstrain with or without rescue
supplement D-glucosamine (n=3, biological replicates, mean®°S.E.M). ¢, Double knockout S.
typhimuriumstrain (AasdAgimsg grows only when both supplements are supplied. (n=3, °S.E.M)
d, Growth rate of asd knockout strain in relation to concentration of DAP supplement (n=3,
biological replicates). Black line represents linear regression trend (y = 0.00046x + 0.017, R?=0.7.
e, Growth rate of glmsknockout strain in relation to concentration of D-glucosamine supplement
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(n=3, biological replicates). Black line represents linear regression trend (y= 0.00029x + 0.015,
R2=0.92). Growth rate is calculated as initial ODsoo subtracted from maximum ODsoo divided by
time difference.

Figure 2.7 | Engineering biosensotdependent containment circuits and multiplexing for
AND logic gate growth in vitro. a, Design of modular containment circuit that includes a
biosensor promoter (pPepT, pLIdR, or pCadC) driving an essential gene (asd. To tune the
sensitivity and reduce noise, additional regulators such as antisense promoters (pTac or pSodA),
origin of replication (colE1, p15A, sc101 or genome integration), ribosomal binding site (RBS) or
protein degradation tag (LAA) were utilized. b, Characterization of biocontainment variants by
escapee rate defined as the ratio between colonies grown in non-permissive conditions (hormoxic,
0 mM lactate, and pH 7) and permissive conditions (hypoxic, 10 mM lactate, and pH 6). All
variants were cultured for 12-16 hours with starting density of 107 cfu/ml and plated on LB agar
plates with added supplements, after which colonies were counted the next day (n = 3, biological
replicates, mean ° S.E.M). All variants drove an essential gene along with additional genetic parts
such as anti-sense, tuned RBS strength, or degradation tag (LAA). Blue, red and green indicate
hypoxia, lactate and pH driven containment circuit, respectively (see Supplementary Table 2 and
4 for details). (Botton) Design of the circuit variants specifying changes in origin of replication,
RBS, and regulators for each construct. ¢, Schematic of lactate-hypoxia AND logic gate circuit
consists of both the hypoxia promoter pPepT driving essential gene asdand lactate biosensor
pLIdR driving a second essential gene glms d, Escapee rates of lactate-hypoxia AND logic gate
circuit. The engineered bacteria were cultured in the different four conditions (none, 10 mM lactate
supplemented, hypoxic condition and combination of 10mM lactate with hypoxic condition).
Escapee rate is calculated by ratio between non-permissive (no inducers, lactate only or hypoxic
only) and permissive condition (both lactate and hypoxia). Two single circuits were grown in either
lactate or hypoxic conditions (n=3, biological replicates, mean ° S.E.M). Samples were grown for
16 hours and then plated on LB agar supplemented with DAP and D-glucosamine. Colonies were
counted after incubating at 373 overnight.

Figure 2.8 | Characterization of biosensor containment circuitsColony forming units
(CFU)/ml of biosensor containment strain cultured in multiple physiological conditions. Hypoxia
containment strain (pTH6-1) (a) was cultured under 0%, 10% or 20% oxygen, lactate containment
strain (pBK3-2/8) (b) was grown in 0, 0.1, 1 and 10 mM lactate and pH containment strain
(pTCO085) (c) was grown in pH 5.2, 5.5, 6.0 and 7.0. All cultures were grown with starting density
of 10° cfu/ml and grown for 5-10 hours, then plated and grown for 16 hours on supplement-
supplied agar plates followed by colony enumeration (n=3, biological replicates, mean °S.E.M,
LOD 200 CFU/ml).

Figure 2.9 | Growth dynamics of the lactate containment circuita, Growth curve of the
bacteria carrying lactate containment circuits at varying starting densities. Bacterial cultures were
inoculated at starting densities 10°, 10°, 10* and 102 cells per well, all grown in culture = 10mM
lactate. ODsoo Was measured every 15 minutes for 18 hours on a plate reader. (n=3, biological
replicates, mean®S.E.M). b, CFU/ml was recovered after growing lactate containment strain
(pBK3-2/8) in hypoxic condition and pH of 6.8 with 0, 0.1, 1 and 10 mM lactate concentration for
8 hours, then plated and grown for 16 hours on supplement-supplied agar plates followed by colony
enumeration (n=3, °S.E.M, biological replicates, LOD 200 CFU/ml).
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Figure 2.10 | Lactatehypoxia circuit demonstrates AND gate logic growth behavior(Top)
Growth dynamics of lactate-hypoxia containment strain in four different conditions (hone, 10mM
lactate supplemented, hypoxia condition, and combination of 10mM lactate with hypoxic
condition). Samples were collected every 3 hours and plated on LB agar supplemented with DAP
and D-glucosamine (n=3, biological replicates, mean ° S.E.M). Colonies were counted after 37JC
incubation for 16 hours. (Botton) Representative images of bacterial colony plates of the four
different conditions with biological triplicates. LOD, 10> CFU/ml.

Figure. 2.11 |Computational modeling of biosensorsBiosensors are modeled under regulation
of transcription activators (FNR, CadC) or repressors (LIdR) with varying environmental
conditions. (Left) biosensor circuit schematics as shown in Fig.1 with (middle modeling in silico
predictions compared to (right) in vitro experimental results (n=3, °S.E.M). See supplementary
materials for detailed equations and parameters used in this study. Lactate and pH biosensor in
vitro GFP fluorescent result is normalized by OD. Hypoxia biosensor in vitro GFP fluorescence
was measured in an anaerobic chamber and are normalized by data from constitutive promoter
pTac.

Figure 2.12 | Computational simulation of 1, 2 and-3nput biosensor dependent growthThe
heatmap shows bacterial growth in two-dimensional space with lactate concentration of 0, 0.1, 1
and 10mM, pH levels of 5.3, 5.8,6.3 and 7.3, oxygen levels of 0, 10 and 20% after 2 hours. a, 1-
input single containment strains grow in response to hypoxia (blue), high lactate (red) and low pH
(green) environment. b, For 2-input AND gate containment strains, bacterial growth is further
restricted to where two specified environmental conditions overlap. For lactate hypoxia AND gate
containment strain (purple), maximum growth is observed at lactate concentration 10mM and
oxygen level of 0%. For pH hypoxia AND gate containment strain (brown), maximum growth is
seen at pH of 5.3 and oxygen level of 0% Lastly, for lactate pH AND gate containment strain
(orange), maximum bacterial growth is seen at pH of 5.3-5.8 and lactate of 10mM, regardless of
oxygen content. ¢, When combining all three biosensors (black), bacterial growth is limited to
when pH is 5.3-5.8, lactate of 10mM and oxygen level of 0%.

Figure 2.13 | Computational simulation of three 2nput AND -gate containment circuit. a,
Computational modeling of lactate hypoxia AND gate containment strain growth over time in
permissive (high lactate and hypoxia) and non-permissive (none, high lactate or hypoxia only)
conditions. b, Growth simulation of pH hypoxia AND gate containment strain in permissive (low
pH and hypoxia) and non-permissive (none, low pH or hypoxia only) conditions. ¢, Growth
simulation of lactate pH AND gate containment strain in permissive (high lactate and low pH) and
non-permissive (none, high lactate or low pH only) conditions. Lines not shown are covered by
overlapping lines.

Figure 2.14 | Computationalsimulation of single and AND gate containment strain growth
kinetics. pH containment strain(green)(a), lactate containment strain(red) (b) and hypoxia
containment strain(blue) (c) reaches stationary stage sooner compared to hypoxia lactate AND
gate containment strain (purple), pH lactate AND gate containment strain (orange) or hypoxia pH
AND gate containment strain (brown) in silico. Parameters set for growth corresponds to pH 5,
lactate concentration of 10mM and 0% oxygen level.
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Figure 2.15 |Engineered biosensors respond to physiological cues, Cell culture media
supernatant from four cancer cell lines (A20, CT26, 368T1 and 4T1) were collected twice a day
over five days and then cultured with our three bacteria biosensors (pTC1908, pTC37 and pPepT).
Fluorescence activation of lactate (b, red), pH (c, green), and hypoxia (d, blue) biosensors when
cultured in the collected supernatant overnight at 373 . Hypoxia biosensor cultured in cell media
supernatant was grown in ° oxygen conditions. GFP signal from hypoxia biosensor was
normalized by constitutive promoter control (n=3, biological replicates, mean ° S.E.M). g,
Bacteria strains are cultured in gut compartment relevant pH and Oz concentrations, with small
intestine (S, pH = 6.3 and 20% oxygen), Caecum (C, pH = 7.5 and 0% oxygen) and large intestine
(L, pH = 7 and 0% oxygen). f, End point ODsoo of bacteria grown in gut mimicking conditions
with starting density of 10° cells/ml for 12-16 hours. (pTCO085: n=6, pTH6-1: n=6, biological
replicates, mean ° S.E.M. ****p < 0.0001 two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test). g, Fresh fecal pellets were collected every day for 7 days, homogenized
and plated on LB agar plates with antibiotic (Abx) selection ° DAP (Nislux: n=7, pH (pTC085):
n=7, hypoxia (pTH6-1): n=8 per time point, biological replicates, mean ° S.E.M. ***p = 0.0005
two-way analysis of variance (ANOV A) with Tukey’s multiple comparisons test, limit of detection
(LOD) 10°® CFU/g). h, Mice were sacrificed at the end of the experiment (day 7), and the
gastrointestinal tract was sectioned into 5 regions (S1, upper small intestine track; S2, lower small
intestine track; C, caecum; L1, upper large intestine track; L2, lower large intestine track). The
regions were homogenized and plated on LB agar plates with antibiotic selection and DAP.
Colonies were counted the following day. Absolute CFU/g of recovered bacteria from each gut
compartment (Nislux: n=13, pH(pTCO085): n=8, hypoxia (pTH6-1): n=15, biological replicates,
median with interquartile range, *p < 0.04, **p < 0.009, ***p = 0.0003, ****p < 0.0001, Kruskal-
Wallis analysis of variance (ANOVA), limit of detection (LOD) 10° CFU/qg).

Figure 2.16 | Levels of lactate and pH of A20, CT26, 368T1 and 4T1 cell supernatants over 5
days. Lactate concentration (a) and pH (b) of the 4 different cancer cell lines supernatant over
time. All four cell lines were cultured under the same conditions. Lactate concentration of the
collected supernatants exhibited increasing trend with all cell lines starting with lactate levels less
than 5mM. As time progressed 368T1 and 4T1 cell supernatant exhibited more lactate
accumulation compared to the other two cell lines. Similarly, the pH level from all cell line
supernatants showed decreasing trends, as 368T1 and 4T1 exhibited a sharper decrease in pH
compared to A20 and CT26 cells.

Figure 2.17 |Lactate biosensolin vitro characterization with 6 different lung cancer celllines.
a, Lactate concentration from 6 different lung cancer cell lines and 1 lung fibroblast cell line
supernatant exhibiting increasing trend. b, Lactate biosensor bacteria were cultured with
mammalian cell supernatants (6 lung cancer cell lines and a human lung fibroblast) for 16 hours,
followed by fluorescence assay. Elevated GFP fluorescence was observed in response to increased
lactate concentrations (n=3, biological replicates, mean®S.E.M).

Figure 2.18 | Bacteria distribution profile along thegastrointestinal tract. Individual bacterial
distribution of positive control E. coli Nissle 1917 with luxCDABE (Nislux) (a) hypoxia
containment strain pTH6-1 (b) and pH containment strain pTC85 (c) demonstrated by recovered
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CFU/g from small intestine 1 (S1), small intestine 2 (S2), caecum (C), large intestine 1 (L1) and
large intestine 2 (L2). Limit of detection (LOD), 102 CFU/g. d, Fold change of bacteria relative to
S1. CFU/g from each location scaled by respective CFU/g from S1. (Nislux: n=13, pH(pTCO085):
n=8, hypoxia (pTH6-1): n=15, biological replicates, median with interquartile, *p < 0.012
comparison to control. Kruskal Wallis analysis of variance (ANOVA)).

Figure 2.19 |Growth kinetics of engineered and control bacteria strains in various pH levels.
Bacteria strains pTC085 (a), pTC085 supplemented with 50mg/ml DAP(b), non-engineered Nissle
(c), pTCO012 constitutively expressing asd (d) were grown with initial seeding density of 10°
CFU/mL in media ranging from pH 6 to 7. All strains were grown in plate reader to record growth
dynamics. (n=3, biological replicates, mean £ S.E.M.) e, Maximum growth rate of each strain in
pH ranging from 6-7.

Figure 2.20 | pH measurement along the small intestine tradex vivopH measurement at 5
regions of small intestine starting from the upper tract near stomach to the lower tract near caecum
(n=3, biological replicates, mean +SD).

Figure 2.21 | pTC012 andpTCO085 cell viability. a, Percentage of live cells after growing
bacterial in pH 6 (n=3, biological replicates, mean = S.E.M., paired t -test). b, Representative
image of pTCO085 cells after growing in pH 6 ( SYTO 9 stain live cells : green; propidium iodide
stain dead cells : red).

Figure 2.22 | Computational simulation of engineered bacteria distribution along the
gastrointestinal tract. a CFU measurements were experimentally measured at 5 sections of the
gut (S1, S2, C, L1 and L2) from a mouse colonized with control strain (Nislux). Computational
modeling of the hypoxia (b) and pH (c) containment strain were used to simulate CFU levels at
each segment of the gut. Nislux CFU of each gut compartment was set as the carrying capacity for
computational simulation (ie. Nmax at L1 = 109, as shown in a). Since increasing concentration
of essential gene products resulted in faster cellular growth (Fig. S4d), hypoxic strain growth rate
was set proportional to the product of essential gene expression in our simulation. For the pH
containment strain, growth rate was set in proportion to pH as we observed from our experimental
data (Fig. S13e). To recapitulate our experimental data in vivg we also considered the escapee rate
in non-permissive conditions and applied a 2" population of competing bacteria using a logistical
model that leads to growth in lower gut compartments. d, (top) Input pH was obtained from
average of measured pH data along the gut and (bottor input oxygen was found in literature
(Supplementary Table 1, S16). e, CFU along the gut for Nislux, pH and hypoxia were each divided
by their S1 CFU value to visualize bacterial distribution along the gut.

Figure 2.23 | Multiplexed biosensor achieves enhanced specificity of bacteria tumor
colonization. a, Engineered bacteria biosensors were co-cultured in tumor spheroids and
monitored for biosensor activation. (Top) Representative images of biosensors in tumor spheroids
from 3 biological replicates, see Supplementary Fig.19 for replicates. Black arrows indicate the
day image was taken. (Scale bar, 200um). (Bottom) Corresponding space-time diagram
demonstrating radially averaged fluorescence intensity of lactate (pTC1908) (b), pH (pTCO037) (¢)
and hypoxia (pPepT) (d) biosensors. The white boundary indicates the edge of the spheroid. e,
Recovered colony counts of control strain S. typhimuriunELH1301, ELH1301 Dasd Dglmsand



hypoxia-lactate circuit tested in tumor spheroid technology. All strains were co-cultured in
spheroids for 6 days followed by homogenizing the spheroid and plating them on LB agar plates.
(n=3, biological replicates, mean ° S.E.M, LOD 20 CFU). f, BALB/c mice (n=5 per group) were
implanted subcutaneously with 5 x 10% CT26 cells on one hind flank. When tumor volumes were
100-150 mm?, mice were intravenously administered ELH1301 (control), double knockout
(AasdAglmsg), lacate-hypoxia circuit (in (AasdAgims), hypoxic only (Aasd or lactate only (Aasd.
After 2 days, tumor, liver and spleen were homogenized and plated on LB agar plates with
supplements. Bacteria colonizing tumor (g) and liver (h) tissues were quantified and counted after
1 day. (n=5, biological replicates, mean ° S.E.M, ****p< 0.0001, ***p= 0.0002 one-way analysis
of variance (ANOVA) with Bonferroni’s multiple comparisons test, tumor and spleen LOD 103
CFUlg, liver LOD 107 CFU/g). i, tumor:liver ratio of bacterial CFU/g was calculated from
recovered CFU from extracted organs. (n=5, biological replicates, mean®S.E.M, ****p<0.0001
one-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test, tumor LOD
103 CFU/g, liver LOD 10? CFU/qg).

Figure 2.24: Biosensor circuit function inE. coli Nissle 1917 andSalmonella typhimurium
ELH1301. Biosensors (pPepT, pTC1908 and pTC037) were transformed and characterized in
Salmonella TyphimuriurBLH1301 strain. Bacteria were grown in a specified environment for 16
hours, followed by fluorescence assay. Fold change calculated from GFP of induced (0% oxygen,
10mM lactate and pH 5.8) over GFP of un-induced condition (20% oxygen, OmM lactate and
neutral pH).

Figure 2.25 |S. typhimurium coculture in CT26 tumor spheroids. a time series images of
spheroids cocultured with S. typhimuriumcarrying plasmid expressing constitutive GFP (scale
bar=200um). b, Average GFP fluorescence signal from spheroids over 9 days (n=3, biological
replicates, mean °S.E.M). ¢, Image analysis of over time with GFP signal distributed spatially
within a spheroid.

Figure 2.26 | Replicates of biosensan vitro characterization in CT26 tumor spheroids.
Replicates of tumor spheroids colonized by (a) lactate (b) pH and (c) hypoxia biosensor bacterial
strains where promoter activation was measured by automated spatiotemporal image analysis
(top). Average florescence signal of each biosensor colonized spheroids was also tracked over 8-
14 days (n=3, biological replicates, mean ° S.E.M)(bottom).

Figure 2.27 | Characterization of the containment circuit in CT26 tumor spheroidssS.
typhimurium ELH1301 lacking essential genes (Dasd/ Dgims) was transformed with lactate-
hypoxia circuit driving both asdand glmsgenes, hypoxia circuit driving asdgene only, and lactate
circuit driving gimsgene only. Bacteria were cocultured with tumor spheroids for 6 days, followed
by dissociation of tumor spheroids and plating on agar plates for CFU enumeration (n=4, biological
replicates, mean® S.E.M, LOD 20 CFU).

Figure 2.28 | Absolute CFU counts recovered from spleen and tumor:spleen ratiq Bacteria
colonizing spleen tissues were quantified and counted after plating on LB agar plates with
supplements(****p< 0.0001one-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparisons test, n=5, biological replicates, mean ° S.E.M, spleen LOD 10° CFU/g).
b, Tumor:spleen ratio of bacterial CFU/g was calculated from extracted organs (****p < 0.0001

Xi



one-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test, n=5,
biological replicates, mean® S.E.M).

Figure 2.29 |Ex vivocharacterization of lactate hypxia AND gate strain.10* CFU engineered
strain was cultured for 24 hours in homogenized tissue only (non-permissive), homogenized tissue
with 10mM lactate and 0% oxygen (permissive) or homogenized tissue with supplements (rescue),
and plated on agar plates. Colonies were counted after 16 hours (n=3, biological replicates,
mean® S.E.M, LOD 20 CFU/qg).

Figure 3.1 | Schematic of design, build, test for engineering methyl salicylate producing
bacteria. The methyl salicylate genetic circuit in E. coli utilizes the enzymes (PchA and PchB)
first convert precursor chorismate to intermediate salicylate. Specifically, Isochorismate Synthase,
product of PchA gene, catalyzes the conversion of chorismate to isochorismate. The PchB gene,
which expresses the Isochorismate pyruvate-lyase, converts isochorismate to pyruvate and
salicylate. The genetic circuit is completed with methyltransferase (BSMT1), which methylates
salicylate to make the volatile ester methyl salicylate as the end product. We then culture the
bacteria strains and quantify volatile compound production by mass-spectroscopy. Since, BSMT1
gene is taken from the plant Petunia x hybridwe codon-optimized it for our second iteration of
optimization and repeated our quantification method.

Figure 3.2 |Circuit design and initial characterization. Circuit design of pTC002 and pTC003
(top), overnight supernatant and cell pellet of bacteria strains along with negative control, E. coli
strain with no engineered plasmid, collected and measured using LC-MS. Interpolated
concentrations of SA or MS in experimental samples according to calibration curves.
Concentrations represent the calculated levels of SA and MS in the media supernatant and cell
pellet as labeled. ND=Not Detected.

Figure 3.3 [Targeted LC-MS/MS Quantification of Salicylic Acid (SA) and Methyl Salicylate
(MS). Calibration curves for SA and MS using authentic standards. Certified reference materials
(Pharmaceutical Secondary Standards) were used to characterize both SA and MS by direct
infusion prior to LC-MS/MS detection. The lowest calibrant was 100 nM for each standard (5
femtomoles on column), with each calibrant run in technical duplicate. Error bars may appear
smaller than symbols.

Figure 3.4 |ldentification of each compound in the experimental samples was based on
accurate mass (3 ppm) and by MS/MS spea match to the authentic standard.
Quantification was based on the PRM (e.g., 137.0233 — 93.0335 m/z for salicylate) for each
compound with a mass tolerance of 3 ppm for the product ion. Colored segments of the chemical
structure represent the atoms present in the MS/MS fragment detected in the PRM for each
compound. Neutral chemical structures are shown for simplicity.

Figure 3.5| Using GG-MS, pTCO035 produced 2 fold more methyl salicylate compared to
pTCO003. Supernatant of bacteria culture strain grown for 12-16 hours were collected after OD
matched between the different strains. The amount of methyl salicylate were than quantified using
GC-MS.
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Figure 3.6 | Confirmation of Methyl Salicylate by GGMS. Top chromatogram — Extracted ion
chromatogram showing the characteristic retention time for methyl salicylate in an authentic
standard. Bottom chromatogram — detected peak in pTC035 media supernatant. Top spectrum —
MS1 spectrum of the authentic standard peak, showing the intact ion at 152 nmVz and the
characteristic fragment used for quantification at 120 mvVz. Bottom spectrum — MS1 spectrum of
the pTC035 peak, background subtraction has been used to highlight the methyl salicylate
fragments matching the standard.

Figure 3.7 | Quantification ofmethyl salicylate after addition of precursor(A) Growth curves
of bacteria in LB supplemented with + 1mM salicylic acid across different strains (n=3,
meanS.E.M). (B) measurement of methyl salicylate concentration from bacteria supernatant.
Under stricter regiment, only pTC035 with 1mM salicylic acid precursor added produced
detectable amount. The limit of quantification (LOQ) is defined as three times the average of the
analytical blanks plus a constant of 10,000 (arbitrary MS intensity units).

Figure 4.1: Salicylate producing strain for cancer diagnostic demonstrated in APC"* model
(a) Schematic of spontaneous intestinal adenomas in APC™"* model. (b) 15-17 week old APC™*
mice were gavaged twice, 3-4 days apart, with EcN-lux and imaged using an IVIS for
bioluminescence in vivo at 96h post dosing. After 7 weeks, mice were sacrificed, intestinal tissue
was excised and ex vivo imaged for bioluminescence. Red arrows point to macroadenomas on
distal intestinal tissue. Gut tissue were swiss-rolled, paraffin embedded, sectioned, stained with
hemotoxin and eosin and quantified for tumor area to determine. (c) 15-17 week old APC™"* were
dosed with 10° EcN-SA and urine was collected 24hr after dosing. LC-MS of salicylate molecules
in urine of wild-type (WT) and APC™"* mice.

Figure Al. Characterization of tetracycline and IPTG inducible Bxb1l genetic circuit.(a)
Positive control and three variants of pTC86/87 were cultured with or without 1uM of tetracycline.
(b) pTC92/87 circuit cultured with 0 to 100 uM of IPTG with starting density of 107. OD%%
normalized fluorescent output was taken in Tecan plate reader after 16 hours of growth (n=3, mean
° S.E.M).

Figure A2. Characterization of third iteration of genetic circuit. (a) Negative control
demonstrates low normalized GFP signal regardless of IPTG concentration. The data
normalization (constant low GFP signal divided by logarithm growth of bacteria ) resulted in a
bell shaped curve. On the other hand, pTC087/ANO1 under IPTG induction lead to increase of
GFP signal over time with starting density of 107 (b) and 10° (c).

Figure A3. Final design of therapeutic switch circuits. (a)Circuit schematic where a serine
recombinase Bxbl is driven by the luxl promoter, which also regulates the production of AHL and
lysis gene " X174Ein SLC. When AHL reaches threshold concentration, Bxb1 inverts a DNA
sequence flanked by recognition sites, which turns on production of therapeutic 2 (t2) and
therapeutic 3 (t3). Therapeutic 1 (t1) is produced before and after this event constitutively with a
pTac promoter. (b) Circuit design variation that switches off therapeutic 1 when therapeutics 2 and
3 are produced. (c) Circuit design variation where the quorum-sensing event switches on
therapeutic 2 and a second recombinase (phiC31), which subsequently turns on therapeutic 3.
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Figure B1: Overview of Engineered Bacterial Cancer Therapeutics.Synthetic biology is
capitalizing on bacteria's natural ability to colonize immunoprivileged, hypoxic core regions of
tumors through escaping from leaky vasculature. A variety of strategies such as targeting, inducing
gene expression, quorum-sensing, expressing and releasing cytotoxics, and intracellular gene
delivery have been engineered to control the behavior of these bacteria and produce anti-tumor
effects.

Figure B2: Engineered Circuits for Bacterial Cancer Therapy. (a)Targeting to tumor cells
can be achieved by expression of tumor-specific peptides on the bacterial outer membrane. (b)
Tumor microenvironments can be sensed specifically by AND logic gates, which expresses an
output such as a therapeutic only if all required inputs or markers of the tumor microenvironment
are present. (c) In many cases lysis of bacteria must be induced to release therapeutics into the
tumor; one relevant circuit is the synchronized lysis circuit which uses quorum sensing. (d)
Therapeutics or other actions can be driven by inducing promoters through chemical inducers or
radiation.
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Chapter 1: Introduction

In this chapter, the rise of synthetic biology and genetic circuit applications will be introduced
specifically for medical translation purposes. Due to the scientific rationale for this PhD study, a
focus will be placed on how bacteria are engineered for cancer therapy by highlighting the history
and rationale of utilizing bacteria for cancer therapy, the genetic circuits that have been
implemented for cancer therapy and current existing bacterial cancer clinical trials.

1.1 The rise of synthetic biology

Synthetic biology is a rapidly growing discipline that aims to rationally design the behavior of
living organisms. The field applies engineering principles (design, build, test) to biology, where
endogenous regulatory systems are repurposed for programmed functions. One of the earliest
regulatory feedback systems identified was the Lac operon in Escherichia col(E.coli) (2) in the
1960s, since then it has been repurposed for common inducible genetic circuits over the past 60
years. In the following decades, the advances of high through-put sequencing technology and
computing power led to the ability to read and align multiple genetic fragments (3). By 1997, the
complete genome sequence of E. coliwas published (4). In addition, next generation sequencing
(NGS) technology gave rise to a range of “omics” data, such as transcriptomics, proteomics, or
metabolomics (5-7), enriching our understanding of complicated biological systems. Lastly, gene
synthesis and gene editing tools became cheaper, more efficient and accessible, allowing robust
assembly of genetic circuits(8-11). Together, building on accumulated research and technology
from molecular biology, biochemistry, systems biology, and mathematics, synthetic biology

emerged and continues to evolve.



1.1.1 Early Genetic circuit designs
Synthetic biologists envisioned genetic circuits could be used to govern bacterial behavior,

beginning with simple outputs and increasing in complexity of behaviors over the decades.
Drawing parallels to programming machines, the early circuit designs focused on engineering
bacteria to perform functions that mimic computer commands such as AND, OR, and NOT logic
gates (12-15). Beyond the inducible Lac operon, two seminal genetic circuits, named the toggle
switch and repressilator, demonstrated bacteria producing fluorescent reporters in a bistable
switch-like and oscillating manner, respectively (1, 16. This work led to a growth of synthetic
biology research that applied engineering principles and standard molecular cloning techniques to
program cell patterning(17, 19 , edge detectors(15), oscillators(19), biosensors (20), cell counters
(13) and memory circuits (12, 2J).
1.1.2 Genetic circuit components

Many of the genes used in the ground breaking studies mentioned above are now standardized
as “parts” (analogous to moving parts of a machine) that can be found in the open source
international Genetically Engineered Machine (iGEM) registry (22). These “parts” consists of
inducible promoters, constitutive promoters of different strength, reporter genes, transcription
factors, terminators and many other genetic components, all integral parts of a genetic circuit (Fig.
1.19. By piecing different genetic parts together, synthetic biologists can generate different
complex circuits that govern bacteria behavior. For example, the toggle switch genetic circuit is
composed of two genetic cassettes that inhibit one another, allowing turning on and off of reporter
signal (1) (Fig. 1.1b). In particular, during the over all on-state, part of the circuit is inactivated,
allowing the first part to constitutively express green fluorescence protein (GFP) as a reporter.

Once chemical inducer is introduced to the cells, the second part of the circuits activates, inhibiting



GFP production, leading to the over all off-state. This genetic circuit resulted in a bistable

behavior, analogous to the bacteriophage lytic and lysogeny cycle observed in nature(23).

Q Promoter
*
O .
OGOl T Ori.
\\\\:' 2 Terminator
RBS
Constitutive Reporters High copy
‘ Transcription Factors Middle co
Inducible Therapeutics Low co p;)y
. Diagnostics
Synthetic Enzymes Genomic int.
b _
Inducer 2
T L ON OFF
1 S
P1 P2 L
- > o
L
R? RA1 gfp O
Ind ) 1 .
nducer time (1)

Fig. 1.1 | Genetic circuit components and firsdtemonstration of complex circuit in bacteria
(a) Genetic circuits are composed are several parts that are interchangeable with basic components
of promoter, gene of interest (GOI), and origin of replication (Ori). The promoter can be
constitutively regulated or inducible by different chemical or physical cues. The ribosomal binding
site (RBS) tangential to the promoter can be tuned to different strengths that affects the down
stream translation of GOI. The GOI can be a plethora of genes that bacteria can express, ranging
from fluorescent reporters to anticancer therapeutics. The GOI is usually followed by terminators
to prevent unregulated gene expression. Lastly, the Ori. determines the copy number per bacteria
cell. (b) Genetic circuit schematic of toggle switch (left), and it’s predicted behavior (right). The
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toggle switch genetic circuit is composed of two inducible promoters (P1, P2), driving
transcription repressors (R1,R2) of respective promoters. Figure adapted from Gardner et al. (1)
Finally, these cataloged and standardized parts have allowed for researchers to develop a software
for automated genetic circuit design named Cello in 2016 (24). Beyond the common lab strains of
E. coli, Cello has since been used to design complex genetic circuits for other species of microbes
(25, 29. As the synthetic biology community continues to grow, the research has transitioned into
applying genetic circuits to address real world problems.
1.2  Synthetic biology application for human health

The advent of synthetic biology has led to an array of genetic circuits that can be leveraged for
applications ranging from living materials to computer science (12, 2#29). Combined with recent
microbiome research that revealed the prevalence of bacteria in the human body, more efforts in
synthetic biology have been directed towards therapeutic applications (30-33). Here we discuss a
few examples of utilizing genetic circuits for translational application. It should be noted that
microbial synthetic biology is the main focus of this thesis dissertation; mammalian or other viral
synthetic biology work is not discussed.
1.2.1 Genetic circuits to detect virus

Bacterial genetic circuits can serve as biosensors that can sense and respond to surrounding

molecules. Combining synthetic biology and material science efforts, researchers have
incorporated genetic circuits in wearable materials for smart technology(34-38). In response to the
SARS-CoV-2 pandemic, scientists from MIT have applied bacterial cell-free genetic circuits to
detect the presence of coronavirus from respiratory droplets and aerosols in disposable masks (39).
Nguyen et al. utilized a paper-based microfluidic system to embed lyophilized CRISPR circuits in

N95 masks. When applied to a breathing simulator apparatus, the mask was able to report detection



of virus particles within 90 minutes after virus exposure with a detection limit of 500 copies of in
vitro reverse transcribed virus RNA (39). This work demonstrated a synthetic biology approach to
address an urgent need for fast detection of the virus.
1.2.2 Metabolic disease

Beyond cell-free genetic circuits, to capitalize on living microorganisms’ ability to perform
metabolic functions, researchers have engineered bacteria to modulate metabolites for therapeutic
benefits(40, 41). For example, the human metabolic disease Phenylketonuria (PKU) is a rare
genetic disease that is characterized by the inability to metabolize phenylalanine (Phe) to tyrosine,
due to a biallelic mutation of the PAH gene (42-44). The accumulation of Phe in the blood and
brain can lead to neurotoxicity and cognitive impairment. Synthetic biologists have thus
engineered the probiotic strain E.coli Nisslel917 to encode Phe-metabolizing enzymes to rescue
the metabolic deficit. Oral delivery of this engineered bacteria to the gut resulted in 38% decrease
of Phe in the blood compared to non-engineered control (42). This work is now heading into a
phase 111 clinical trial.
1.2.3 Modulate and sense gut inflammation

Since an abundance of microbes are found in the gut, naturally researchers have utilized
bacteria to sense and response to gut inflammation in a dextran sodium sulfate (DSS) mouse model
of colitis, DDS is a chemical colitogen with anticoagulant properties that induces epithelial
damage upon oral administration (45-47). In particular, researchers have identified a possible
correlation between high colonic thiosulfate and tetrathionate levels and pro-inflammatory
conditions (46, 48 and therefore engineered thiosulfate and tetrathionate bacterial sensors.
Scientists from Harvard subsequently coupled the tetrathionate sensor with a previously

established memory circuit — a genetic circuit where the presence of an inducer triggers activation



of a transposon to integrate a gene of interest into the bacterial genome (21). In this study, bacteria
sensing inflammation led to genomic integration of the LacZ reporter, an enzyme whose output
can be read by a downstream colorimetric assay. Upon oral administration in colitis-induced mice,
the bacteria colonized the gut and were able to sense and record instances of inflammation in the
gut for at least 6 months (47). Beyond chemical-induced gut inflammation, the engineered strain
was also able to sense inflammation in a mouse model infected with the pathogen S. typhimurium
validating the functionality of the strain in more than one in vivomodel.
1.2.4 Fighting pathogenic bacteria

Beyond sensing gut inflammation, researchers have engineered microbes to fight pathogens
(49-51). Mao at al. at MIT specifically engineered the probiotic strain Lactococcus lactis-a
common strain found in yogurt—to resist colonization of pathogenic bacteria V. choleraewhich
normally causes acute diarrheal disease (50). Their approach included engineering a synthetic
chimeric receptor by combining the signal transduction domain from L. lactis with the
extracellular quorum molecule sensing domain from Vibrio spp The quorum sensing molecules
from Vibrio spp overlap with those of V. cholerae.The signal transduction domain was then
rewired to produce red fluorescent reporter upon induction, creating a logic where the presence of
the pathogenic strain led to red signal production from the probiotic strain. Lastly, Mao et al.
validated this engineered strain in a V. choleraeinduced mouse model and also showed that
introduction of probiotic strain changed the pH of the mouse gut, therefore suppressing V. cholerae
colonization.

1.3 Programming bacteria for cancer therapy



In addition to addressing different infection and diseases, synthetic biologist have also
designed genetic circuits to fight cancer. In fact, years prior to the full realization of the
programmability of bacteria, scientists had been utilizing natural bacteria for cancer therapy.
131 Col ey’ s toxin

The first report of bacteria cancer therapy dates to more than 100 years ago, to 1891 where
Dr. William Coley administered living cultures of streptococcal organisms into a cancer patient in
hopes of stimulating the patient’s immune system (52). His patient’s tumors later disappeared,
leading Dr. Coley to treat more cancer patients with his cocktail of heat-inactivated Serratia
marcescensnd Streptococcus pyogenasmed “Coley’s toxin”(53). He was later named the
“Father of immunotherapy,” credited for his work and hypothesis of using bacteria to stimulate a
patient’s immune system for cancer therapy. However, his work was often criticized in his time
due to inconsistency of toxin preparation and not standardized dosing scheduling. Additionally,
the rise of other therapies—particularly radiotherapy and chemotherapy—in the 1940s outshined
the use of Coley’s toxins, and as a result shifted the idea of bacterial cancer therapy out of focus
(54).

1.3.2 Natural tumor homing abilities

Since Coley’s work, studies have demonstrated a wide variety of bacteria strains, such
as S. typhimurium (55, 56, E. coli (31), Clostridium57, 58) Listeria (59) and
Bifidobacteriun60) have the ability to selectively colonize tumors. Although the bacterial
mechanism of tumor homing is still largely unknown, it is postulated that bacteria localization is
achieved by a combination of active and passive mechanisms. Once administered systemically,
bacteria can escape from blood circulation to the tumor tissue via passive entrapment in the leaky

tumor vasculature and then flow into the tumor owing to inflammation caused by a spike increase



of tumor necrosis factor-a (TNF-a) in the tumor vessels (61). In the tumor microenvironment,
active mechanisms involve bacteria chemotaxis towards nutrients from dying tumor mass and
hypoxic tumor cores; this movement allows obligate and facultative anerobic strains to survive
(57, 62, 63. In a study utilizing Listeria for cancer therapy, Listeria cells were shown to infect
host immune cells which traffic to the tumor site, allowing Listeria to localize to tumors. The
immunosuppressed microenvironment of the tumor then allows the bacteria to escape immune
clearance (64, 69. Together, these studies demonstrate multiple mechanisms for bacteria tumor
localization.

1.3.3 Tumor microbiome

The tumor microbiome and its role in cancer progression, antitumor effects and drug-
mediated response is still not fully understood. However, researchers have been able to tease out
and compare microbiome extracted from tumor and healthy adjacent parts, showing a distinct
tumor microbiome by analyzing sequencing results (66). In a recent study, Nejman et al.
characterized tumor and healthy tissue from seven cancer types, including breast, lung, ovary,
pancreas, melanoma, bone, and brain tumors, using 16S ribosomal sequencing. Their work also
demonstrated unique tumor microbiomes across subtypes of breast cancer (66).

Recent microbiome research efforts revealed the abundance of microbes in our body and
their relation to our health (67). Previous studies have demonstrated that microbiota may modulate
cancer immunotherapy, linking the bacteria strains found in the gut and antitumor T cell responses
(68-71). In particular, in a subcutaneous melanoma mouse model, Sivan et al. demonstrated that
oral administration of commensal Bifidobacterium in combination with targeted antibody
programmed cell death protein 1 ligand 1 (PD-L1) abolished tumor growth, due to microbiota

mediated CD8+ T cell function (69).



On the other hand, studies of the gut microbiome have revealed microbes that can directly
or indirectly promote tumorigenesis. For example, genomic analysis of human colon cancer
indicated enrichment of Fusobacterium nucleatunompared to healthy colon tissue. In one study,
feeding mice of a genetic APC™™* mouse colon cancer model with F.nucleatured to potentiated
tumor growth (72). In another study, antibiotic treatment of mice carrying xenografts of F.
nucleatumpositive human colorectal cancer slowed tumor growth, consistent with a causal role
for the bacterium in tumorigenesis (73). The combination of this recent growing understanding of
the tumor microbiome and the advances of synthetic biology have led to a resurgence of interest
in bacterial cancer therapy.

1.3.4 Strains used for cancer therapy

An important consideration in bacteria cancer therapy is the species and strain of bacteria
utilized. Streptococcus pyrogenese of Coley’s toxins, was one of the first strains used in living
bacterial cancer therapy. Today, many other strains have been explored with the aim of finding
strains with ease of genetic manipulation, anerobic preference, immunogenicity, and ability to
colonize tumors or invade cells intracellularly (Table 1.J).

Table 1.1| Bacteria species used for cancer therapy.

Bacteria species Advantages Ref.
Escherichia coli Model organism with decades of | (31-33, 74, 7%
research and ease of genetic
manipulation.
Salmonella enterica serovar Ease of genetic manipulation, invades | (76-79)
Typhimurium cells intracellularly. attenuated strain
utilized in clinical trials.
Listeria monocytogenes Host mediated trafficking to tumor site, | (59, 65, 8682)
attenuated strain utilized in clinical
trials.
Clostridium novyi Spore forming, obligate anaerobe, | (60, 83)
attenuated strain utilized in clinical
trials.
Bifidobacterium Probiotic strain (84)




growing genetic tool box for genetic
engineering

Streptococcus pyrogenes Coley’s work demonstrating bacteria- | (52, 59
mediated cancer regression

Mycobacterium boviBCG) Clinically approved immunotherapy | (85)
for treatment of early stage bladder
cancer.

Acinetobacter baylyi highly competent to take up genetic | (86)
material

Bacillus subtilis Spore forming, highly competent , | (87)

1.4 Genetic circuits used for cancer therapy

Taking advantage of the programmability and inherent tumor-targeting ability of bacteria, the
Danino Lab and others have demonstrated extensive work in programming bacteria for cancer

therapy (30, 31, 74, 78, 88, 89Here we highlight genetic circuits built for cancer therapy (Fig.

1.2).
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Figure 1.2| Genetic circuits used for bacteria cancer therapyBacteria can be engineered to
perform different functions for cancer therapy. These functions include but not limited to
biocontainment for safety, efficient tumor specificity to prevent off-target toxicity, robust drug
delivery to ensure maximal cargo release, producing diagnostics for cancer detection and
expressing a diverse range of therapeutic classes ( ie. cytotoxic agents, immunomodulators or gene
silencing RNAs). All of these functions can be programmed by building different genetic circuits.
1.4.1 Biocontainment and safety

The use of engineered microbes has great potential but also raises concerns for biosafety,
as living bacteria can uncontrollably grow in unwanted areas. Therefore, biocontainment designs
need to be implemented for safe clinical use of engineered agents. Genetic engineering approaches,
such as utilizing synthetic amino acids or metabolite auxotrophy strains, and toxin-antitoxin kill
switch systems can govern the growth of bacteria and have been proven effective with low escapee
rates (90-93) .

In addition to biocontainment circuit designs, the safety profile of the native bacteria strain
can be improved to prevent severe reactions upon administration. Utilizing probiotic strains such
as E. coli Nisslecircumvents safety concern; if a pathogenic strain must be used, attenuation by
deleting virulent genes can minimize strain pathogenicity. For example, the VNP20009 strain is
an attenuated Salmonella typhimuriurstrain with chromosomal deletion of the purl and msbB
genes. The deletion of the purl gene resulted in a purine auxotrophic strain, ensuring
biocontainment. The msbBgene plays an important role in the formation of lipid A domain of
lipopoly-saccharide (LPS), which is associated with increase of proinflammatory cytokines(94).
The deletion of this gene yielded reduced toxicity and increased median lethal dose in mice by

10,000-fold (76).

1.4.2 Tumor Targeting
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Although bacteria exhibit the inherent ability to localize to tumor sites, previous studies
have demonstrated off target propensity. When administered bacteria with single logic gate or
auxotroph strains, researchers found ratios around ~103-10°:1 of bacteria found in tumor to normal
tissue (56, 78, 9598). This natural colonization ability could be potentially augmented and
controlled by engineering tumor targeting mechanisms to prevent off-target colonization. One
approach is to program a guiding mechanism on the outer surface of bacteria that can physically
bind to signatures found in tumor microenvironment, such as HER2 affibody and CD20 single
chain antibody (77, 99101). Aside from targetting upregulated immune markers found in tumors,
Park et al engineered bacteria to express arginine-glycine-aspartate (RGD) peptide on the outer
membrane, a peptide that is known to bind to alpha v beta 3 (avp3) integrin, which is widely
overexpressed on cancer cells and blood vessels during cancer angiogenesis (102). Their results
demonstrated 1000-fold more colonization in tumors compared to a non-engineered control (102).

Another approach is to utilize bacterial endogenous promoters that activate under tumor
conditions. Researchers have thus utilized bacterial oxygen and glucose sensitive promoters due
to previously-established knowledge of glucose gradient and hypoxic conditions found in solid
tumors (95, 103. A bottom-up approach is to mine for specific promoters that activate in tumor
microenvironments by constructing a library of promoters and looking for reporter activation from
bacteria co-cultured with cancer cells in vitro or bacteria administered to cancer mouse models in
vivo (104-107). Lastly, ultrasound, magnetic field or radiation waveguided and induced
localization have also been explored as ways to guide and induce bacterial localization to the tumor
sites (83, 91, 108, 109

1.4.3 Delivery mechanism
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Bacteria serve as a convenient chassis for the delivery of therapeutics to tumor site.
However, a challenge remains regarding efficient release of intracellularly produced proteins. To
address this, researchers have utilized inherent bacterial type 111 secretion systems (110 or the
addition of secretion tags to desired therapeutic cargo (78, 10§. While these approaches have
demonstrated efficacy, they are limited by the bacteria strains used in the study. For instance, type
I11 secretion systems are only found in certain gran negative species; and cargoes with secretion
tags that are expressed in gram-negative strains are localized to the periplasm of the membrane
instead of the extracellular space, due to the double membrane nature of most gram negative
species.

Din et al built a synchronized lysis circuit (SLC) that governs the periodic release of
anticancer drugs from the bacteria by lysing cells when the bacteria population reaches a specific
density (32). The genetic circuit is a positive feedback system that utilizes a quorum sensing signal
molecule, N-acyl-homoserine lactone (AHL), that accumulates as bacteria density increases. Once
the critical density is reached, AHL triggers a phage lysis gene %x174, leading to whole cell lysis
and maximal release of therapeutics.

1.4.4 Diagnogic

As mentioned in the previous section, the tumor microbiome can be distinct compared to
that of healthy, non-malignant tissue. Using microbiome-based analysis of patient blood and tissue
sample, Poore et al were able to discriminate samples among healthy, cancer free individuals and
those from patients with cancer, suggesting a potential cancer diagnostic method (111).
Specifically, the approach would involve extracting total circulating DNA from patient blood or

tissue followed by sequencing and bioinformatics analysis for cancer detection.
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Beyond harnessing microbes’ natural ability to colonize tumors, researchers have thus
engineered bacteria to produce diagnostic molecules as a biomarker for cancer detection. Danino
et al programmed bacteria to produce an enzyme that cleaves an indicator substrate that is
detectable via urine (31). In a liver metastasis mouse model, mice were orally gavaged with
engineered bacteria, allowing bacteria to translocate to the tumor site and amplify. Upon
colonization, mice were then administered with substrate systemically, and the urine collected
underwent colorimetric assays for the presence of cleaved product. In another study, orally
gavaged bacteria were programmed to take up cancer cell DNA as another noninvasive method
for cancer detection(86). In this study, Cooper et al utilized Acinetobacter baylystrain as the
sensor candidate due to the strain’s natural high competency, endogenous CRISPR system and
ability to colonize the gut. As a proof-of-concept, cancer cells were engineered with donor DNA
consisted of a kanamycin resistant cassette. If the bacteria colonizes tumor and takes up the donor
DNA, it will then be kanamycin resistant. In a colorectal cancer mouse model, bacteria that
detected cancer took up the antibiotic resistance and mice feces were then plated on kanamycin
plate for colony forming units enumeration (86).

1.4.5 Therapeutics

Given bacteria’s natural tumor colonization abilities and programmability, researchers
exploit synthetic biology tools to program bacteria to deliver different therapeutics to tumor sites
(Table 1.2. These include several classes ranging from toxins, immune modulators, and cytokines
to cytotoxic agents.

Table 1.2 | Therapeutic pay loads expressed by bacteria

Therapeutic payload class Anticancer agents or targets Ref.
Cytotoxic agents Bacterial toxins : cytolysin A, Colicin, Hemolysin (32, 112
E, theta toxin, Invasin 114
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Apoptosis induing ligands : azurin, Apoptin, TNF-| , | (83, 113,
TRAIL 115117
Immunomodulators Chemokines and cytokines : CCL21, IL-2, IL18, (33,79, 118
GM-CSF, IFN? 12])
Check point inhibitors : PDL1, CTLA4, CD47 (33,75
Others : Vibrio vulnificusFlagellin B (TLR5 (74,78
agonist), Listeria monocytogenatacA (STING
agonist)
Prodrug converting | Cytosine  deaminase (CD), B-glucuronidase, | (122-124)
enzymes Carboxypeptidase G2,
Gene silencing (siRNA) | Silenced targets : IDO, STAT3, MDM2 (125127

Abbreviations : Tumor necrosis factor-alpha (TNF- ), TNF-related apoptosis-inducing
ligand(TRAIL), Chemokine Ligand 21 (CCL21), ), interleukin-2 (IL-2), interleukin-18 (IL-18),
Granulocyte-macrophage colony-stimulating factor (GM-CSF), Interferon gamma (IFN[ ),
Programmed death-ligand 1(PDL1), Cytotoxic T-lymphocyte-associated antigen (CTLA-4),
Cluster of Differentiation 47 (CD47), Toll-like receptor 5 (TLRS5), Stimulator of interferon genes
(STING), immunosuppressor indoleamine 2,3-dioxygenase (IDO), signal transducer and activator
of transcription 3 (STAT3), Mouse double minute 2 homolog (MDM?2)
1.5 Clinical trials for bacteria cancer therapy

In comparison to the conventional existing therapies such as chemotherapy or radiation
therapy, bacteria can localize to tumor site, preventing systematic off-target toxicities derived from
the chemical drugs. As a living cell therapy, bacteria can continuously produce therapeutics locally
and itself may serve as an adjuvant to stimulate host immune response. Specifically, endotoxins
such as lipopolysaccharides (LPS) found on outer membrane of bacteria have been found to cause
tumor necrosis (128, 129. Additionally, in comparison to other cell therapies such as CAR-T cells,

bacteria is scalable, easy to manufacture and maintain. There are several clinical trials utilizing

bacteria for cancer therapy, with most in still in phase I, evaluating safety of the drug (Table 1.3.

Table 1.3| Previous and current clinical trials using bacteria cancer therapy
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Bacteria strain Phase | Delivery Cancer Ref. / Clinical

mechanism trial. gov

identifier
Escherichia coli I I.T injection Advanced/metastatic solid NCT04167137
Nisslel917 tumors and lymphoma
expressing dacA
S. Typhimurium I 1.V infusion Metastatic melanoma; (76)
VNP20009 metastatic renal cell
carcinoma

S. Typhimurium I 1.V infusion Melanoma (130
VNP20009
S. Typhimurium I I.T injection Head and neck or esophageal | (122
VNP20009 adenocarcinoma
expressing prodrug
converting enzyme
(CD)
S. Typhimurium I I.T injection Patients with advanced or | NCT00004216
VNP20009 metastatic solid tumors
S. Typhimurium I 1.V infusion Unspecified adult solid | NCT00006254
VNP20009 tumors
S. Typhimurium I 1.V infusion Neoplasm or neoplasm | NCT00004988
VNP20009 metastatic tumors
S. Typhimurium I Oral Liver Cancer NCT01099631
VNP20009 administration
expressing 1L-2
S. Typhimurium I Oral Pancreatic Cancer (13)
expressing VEGFR2 administration
Clostridium novyNT | | 1.V infusion Colorectal cancer NCT00358397
Clostridium novyNT | | 1.V infusion Solid tumor malignancies NCT01118819
Clostridium novyNT | | I.T injection Solid tumor malignancies NCT01924689
Clostridium novyNT | Ib I.T injection Refractory advanced solid | NCT03435952
with PDL1 tumors
(Pembrolizumab)
Listeria I 1.V infusion metastatic pancreatic cancer | (132
monocytogenes
expressing mesothelin
Listeria ] 1.V infusion cervical cancer (133
monocytogenes
expressing HPV16-
E7 fusion protein
Listeria Listeria i 1.V infusion cervical cancer NCT02853604

monocytogenes
expressing HPV16-
E7 fusion protein
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Bifidobacterium I 1.V infusion Advanced and treatment- NCT04025307
longumexpressing refractory solid tumors

IL-12

Bifidobacterium 111 1.V infusion Patients with advanced or | NCT01562626
longum metastatic solid tumors

prodrug converting

enzyme (CD)

Abbreviations: diadenylate cyclase to synthesize STING-agonist cyclic di-AMP (dacA)
Intratumoral (1.T), Intravenous (1.V), VNP20009 is a S. Typhimuriumstrain attenuated by
chromosomal deletion of the purl and msbBgenes. Clostridium novyiNT is rendered
nonpathogenic by eliminating a residential phage carrying a-toxin.

1.6 Overview of work

The purpose of this work is to leverage synthetic biology tools to develop new technology for
bacterial living therapy. Overall, we demonstrate engineered bacteria can be used to increase tumor
targeting specificity for biocontainment and safety (chapter 2). For diagnostic purpose, bacteria
can be engineered to express a reporter molecule that is orthogonal to host background (chapter 3)

(chapter 4).

The dissertation is organized in the following manner:

Chapter 1: Introduction

Chapter 2: Enhanced tropism of bacteria via genetically programmed biosensors

In chapter 2, we engineered bacteria strains that sense and grow in different physiological relevant
conditions. We first developed bacterial biosensors that sense hypoxia (oxygen level < 5SmmHg),
high lactate concentration (>10mM) and low pH (pH 5.5-7). We subsequently coupled the
biosensors to biocontainment circuits which govern bacteria growth under one or more permitted

environmental conditions. Finally, we demonstrated that engineered bacteria with an AND gate
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circuit which only grow under hypoxia and high lactate concentration achieved better tumor

targeting specificity compared to a non-engineered strain in a syngeneic tumor mouse model.

My role in this work included conceiving and designing the study. | also performed in vitro and in
vivo characterization of biosensor and biocontainment genetic circuits, as well as developing the

computational model for the study. Lastly, I analyzed experimental data and wrote the manuscript.

This work is completed and resulted in a co-first author publication: Chien, T.*, Harimoto, T.*,
Kepecs, B., Gray, K., Coker, C., Hou, N., Pu, K., Azad, T., Nolasco, A., Pavlicova, M., Danino,
T. Enhancing the tropism of bacteria via genetically programmed biosensors. Nature Biomedical
Engineering 5, 1-11 (2021) (* denotes equal contribution)

US Patent pending (# 62/930,665)

Chapter 3: Engineered bacterial production of volatile methyl salicylate

In chapter 3, we developed a bacteria strain that produces volatile methyl salicylate, commonly
known as wintergreen, for diagnostic purposes. In this work, we went through iterations of the
design, build, and test cycle to optimize bacterial methyl salicylate production. We characterized

production by utilizing liquid and gas chromatography mass spectrometry (LC/GC-MS).

My role in this work included conceiving and designing the study. | also performed in vitro

characterization of methyl salicylate genetic circuits with the help of collaborator Dr. Drew Jones

from New York Univeristy. Lastly, | analyzed experimental data and wrote the manuscript.

18



This work is completed and resulted in a first author publication: Chien, T., Jones, D.R., and
Danino, T., Engineered Bacterial Production of VVolatile Methyl Salicylate. ACS Synthetic Biology

10(1), 204-208 (2020)

Chapter 4: Future work and conclusion
In chapter 4, we conclude and briefly discuss the future directions of the biocontainment strains
from chapter 2 and translational applications of a salicylic acid producing strain—a derivative

genetic circuit from the methyl salicylate strain discussed in chapter 3.

My role includes scientific discussion and building the salicylic acid producing genetic circuit.

This work is ongoing with planned publication upon completion.

Appendix A: Design and engineer therapeuticswitches to resonate with adaptive
immunotherapy response.

In Appendix A, we worked on developing a recombinase-based genetic circuit to sequentially
deliver different immunotherapeutics in order to respond to the adaptive immune system. Here we
show preliminary results of building a therapeutic switch using a serine recombinase system.

This work is ongoing with planned publication upon completion.

Appendix B: Advances in Bacteria Cancer Therapies using Synthetic Biology
In Appendix B, we discuss synthetic biology efforts for bacterial cancer therapy. We give an
overview of commonly used microbe strains, different genetic circuits used to program bacteria

and an array of therapeutic agents delivered by bacteria.
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This work resulted in a co-first author review paper publication: Chien, T.*, Doshi, A.*, Danino,
T. Advances in bacterial cancer therapies using synthetic biology. Current Opinions in Systems

Biology 5, 1-8 (2017) (* denotes equal contribution)
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Chapter 2: Enhanced tropism of bacteria via genetically
programmed biosensors

2.1 Background

An emerging focus in synthetic biology is to engineer microbes to grow selectively within
specific niches of the environment and human body (27, 134141). Since genetic programming
allows bacteria to sense and respond to physiological conditions in sity, this approach is poised to
change existing paradigms for diagnosing and treating diseases such as inflammation (46, 47,
infection (50, 143, and cancer (143-145). A critical consideration of using engineered bacteria for
medicine is the need for containment of microbial growth to disease sites to prevent off-target
tissue damage and septic shock (98, 146. Therefore, engineering genetic circuits to confine
bacterial growth at specific locations in the human body has the potential to address the challenge
of translating next-generation microbial therapies.

The majority of bacterial therapies have thus far relied on the natural tropism of bacteria,
defined here as the preferential growth within specific host tissues or microenvironments like the
gastrointestinal tract, skin, and tumors (47, 144, 147149. While relying on inherent bacterial
growth preferences can sometimes control bacteria localization, many bacteria can grow outside
of their natural niches — quickly spreading to unintended locations and resulting in off-target
effects. Genetic engineering approaches such as metabolite auxotrophy, dependence on synthetic
amino acids, and toxin/anti-toxin based systems, have been utilized to control bacterial growth
(92, 93, 1560152). Coupling these techniques with environmentally-responsive biosensors can
improve containment of engineered bacteria and prevent unintended spread (95, 153156), but
precise localization to specified organs remains a challenge. Here, we demonstrate an approach to
engineer bacterial tropism with genetic circuits programmed to sense one or multiple distinct
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physiological signatures allowing for enhanced bacterial growth in pre-determined conditions of

organ niches (Fig. 2.1, Table 2.1).

L SpSILIT

o HHHENN
d | Bl
lactate ..-

[
Low [l High
[T

Figure 2.1 | Schematic of biosensors for engineered bacterieopism. Engineered biosensors detect
specific oxygen, lactate and pH levels in organs to enable tropism of bacteria in viva. Different organs,
ranging from liver (L), spleen (Sp), small intestine (S.1.), large intestine (L.1.) and tumor (T) exhibit varying
bio-chemical signatures (Table 1.1). Bacteria programmed to sense pH and oxygen enhance bacteria
colonization in the small and large intestine, respectively. Multiplexed lactate- and oxygen- AND logic gate
sensing bacteria grow selectively within the tumor microenvironment.
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Table 2.1 | Mouse physiological

study.

values from literature search and ex vivo results relevant to this

pH

Measured (ex vivo, meanzstd) Literature

Small intestine S1:6.25+0.10 Sl: 4.8(157)~7 (158)
S2:6.83+0.17

Large intestine C:7.25+0.32 Caecum: 4.4(157)~7(158, 159)
L1:7.08 £ 0.22 LI: 4.4-4.7(157)
L2:7.00£0.23

Liver 6.21+0.18 7(160)

Spleen 6.43 + 0.04 7-7.6(161)

Tumor 6.24 + 0.23 6.5(162), 6.7-6.8(163), 6.1-

6.9(164), 6-6.5(165),
Lactate

Measured (ex vivo, meanzstd)*

Literature

Small intestine

SI1: 1.07 + 0.30 pmol/g
SI2: 1.40 + 0.25 pmol/g

SI: 30 nM(166)

Large intestine

C: 1.00 £ 0.09 pmol/g
LI1:1.11 + 0.11 ymol/g
LI2: 1.26 + 0.42 ymol/g

LI: 10 nM(166), 2.5 mM(167)
Caecum: 1 umol/g(159)

Liver 5.16 + 0.10 umol/g 1.95 umol/g(168)

Spleen 4.76 £ 0.08 pmol/g 1.25 ymol/g(169)

Tumor 9.47 £ 0.62 pmol/g 14.3 pmol/g(168), 8.14-17.8
pmol/g(170), 7.3-25.9 pmol/g(171)
10-40mM(172, 173)

Oxygen

Small intestine

Large intestine

Liver

Spleen

Tumor

Literature

Duodenum: 32 mmHg(174)

Ascending colon: 11
mmHg(174)

Sigmoid colon: 3 mmHg(174)
Caecum: <1 mmHg
(1.3%)(174)

44.39 + 5.13 mmHg(175)

86 mmHg(176)

8-10mmHg(173, 177)

* umol/g is equivalent to mM assuming 1g of H.0 = 1mL of H»0
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2.2 Methods

2.2.1 Host strains and culturing.

ELH1301 was kindly provided by Dr. Elizabeth Hohmann. E. coliNissle 1917 (EcN) was obtained
from the Bhatia lab (144). For full strain information, please refer to Table 2.3. All bacteria were
cultured in LB media (Sigma-Aldrich) with appropriate antibiotic selection (100 pg mi*

ampicillin, 50 pg ml* kanamycin, 25 ug ml* chloramphenicol) at 37 °C.

2.2.2 Plasmids and biosensor library constructions.

Plasmids were constructed using Gibson Assembly or using standard restriction digest and ligation
cloning and transformed into Machl competent cells (Invitrogen). The biosensors were
constructed by synthesizing promoters from IDT, except for the pPepT, pLIdR and pCadC
promoters obtained via colony PCR from EcN. Promoters were cloned in front of the sSftGFPgene
of a previously used ColE1 pTD103 sfGFP plasmid (19). To construct biocontainment circuits,
essential genes asdor gimswere added after the sSFGFPgene. To tune the circuit sensitivity, gene
copy numbers (colE1, p15a, or sc101 replication origins and single genome integration), antisense
promoters, ribosome binding sites, and protein-degradation tags were engineered by cloning each
segment using synthesized DNA followed by Gibson Assembly. A detailed table of biosensor

plasmids is provided ( Table 2.2).

2.2.3 Chromosomal gene deletion and integration in bacteria.
Essential genes asdand glmswere deleted using the A-Red recombination system (178). Linear
DNA with ploxp-cmR-loxp template were PCR amplified using pkD3 plasmid and electroporated

into bacteria carrying pKD46 plasmid. Bacteria were recovered and plated with supplement DAP
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and D-glucosamine. Chromosomal deletions of the essential genes were verified by PCR and
sequencing. To integrate biosensor circuits into the bacterial genome, the CRIM plasmid system
was employed (179). Plasmid pAH162 carrying tetracycline resistance gene was used to integrate
the construct at @80 sites. (178). Hypoxia promoter driving asdgene was cloned into the plasmid

followed by genomic integration. Integration was verified using PCR and sequencing.

2.2.4 Characterization of biosensors vitro.

Each bacterial strain was grown in liquid culture overnight, then used to inoculate induction
experiments. For hypoxia biosensors, each variant was cultured overnight in normoxic and
hypoxic conditions. Hypoxia was achieved by growing bacteria in BD GasPak™ EZ anaerobic
pouches and static culture in 37°C. For lactate biosensors, each lactate biosensor variant strain was
grown in 6 wells of a 24-well Qiagen Block overnight in LB broth with relevant antibiotic and at
lactic acid concentrations of 0, 0.1, 1, 5, and 10 mM. For pH biosensors, each variant was cultured
in 96-well plates with pH roughly ranging from 4.4-8. Negative controls of untransformed Mach1
and Nisslecells, along with a positive control of pTac sfGFP, a strain that expresses sfGFP using
the synthetic Tac promoter were grown in the same conditions. All cultures were started at a
bacterial ODesoo of 0.1. After 16-20 hours of growth, fluorescence and absorbance data were

collected using a Tecan Infinite MicroPlate reader.

2.2.5 Characterization of biocontainment circuitin vitro.

All containment strains were grown in LB media overnight with supplements (DAP and/or D-
glucosamine) added. Cultures were then washed three times with PBS to remove residual

supplements, followed by serial 10-fold dilutions ten times into LB with inducers (10mM lactate,
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pH 5.5, 6, 7 or cultured in hypoxia). All variants were cultured for 12-16 hours and plated on LB

agar plates with supplements and colony forming units were calculated the next day.

2.2.6 Biosensoin vitro characterization data analysis.

All biosensor in vitro fluorescence signals were calculated by dividing raw GFP pixel intensity by
ODesoo value, both obtained from plate reader data. The background fluorescence signal (no
plasmid control of the same strain) was subtracted. For the hypoxia biosensor, fluorescence signal
was normalized to constitutive promoter (pTac) control, to account for protein folding maturation
under hypoxia, as has been observed our group us and others (74, 180184) (Fig. S3c). The fold
change of each biosensor was quantified as the ratio between normalized fluorescence signal of
induced and non-induced conditions. All triplicate values were averaged. For Fig. 2.1C, the

baseline condition was at 20% oxygen concentration, 0 mM lactate concentration, and 7.3 pH.

2.2.7 Mammalian cell culture.

393T5, 373T1, 802T1, 482T1, 368T1, and 393T1 cell lines were kindly provided by Dr. Tyler
Jacks. All other cell lines were obtained from ATCC. Mammalian cells were cultured in DMEM/F-
12 media with GlutaMAX supplement (Gibco; for 393T5, 373T1, 802T1, 482T1, 368T1, and
393T1) or RPMI 1640 media (Gibco; for CT26, 4T1, A20 and 368T1) and supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (CellGro), Human Lung
Fibroblast (HLF) were cultured in Fibroblast Growth Kit-Low serum (ATCC PCS-201-041) with
2% FBS and placed inside a tissue culture incubator at 37 °C maintained at 5% CO2. For full cell

line information, please refer to Table 2.2.
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2.2.8 Bacteria culture with monolayer cell supernatants.

All cell lines were seeded in 9 identical wells on 6-well plates in 3 mL of DMEM/10% FBS with
Sodium Bicarbonate or RPMI1/10% FBS medium without buffer at an initial cell count of 100k.
Twice daily over the following 5 days, in 8-12-hour intervals, the entire contents of each well were
removed and transferred to a 15 mL tube. The sample was centrifuged at 200 rcf for 5 minutes,
and the media supernatant was collected into another tube, which was frozen in -80°C to preserve
lactate concentration at the time of collection. After collection, each monolayer cell supernatant
was separately incubated with the 3 biosensors, negative control and positive control. Hypoxia
biosensor was tested with varying level of oxygen in a culturing chamber connected to the CO2 —
O2 controller (Okolab). All bacteria were grown for 12-16 hours and assayed for fluorescence and

absorbance with the Tecan Infinite MicroPlate reader.

2.2.9 Bacteria coculture with tumor spheroids.

Tumor spheroids were generated by seeding cells in round-bottom ultra-low attachment 96-well
plate (Corning). Each well contains 2,500 CT26 cells in 100 pl of RPMI/10% FBS medium without
antibiotics. The plate was centrifuged at 3,000 rcf for 5 minutes to aggregate cells at the bottom of
the plate and placed inside a tissue culture incubator for 4 days prior to coculture with bacteria.
Bacteria were cultured in a 37 °C shaker overnight to reach stationary phase before use. 106 CFU
S. typhimuriumwere inoculated into wells containing 4-day mature tumor spheroids and placed
back into the tissue culture incubator. After 2 hours of bacteria inoculation, media was removed.
Tumor spheroids were washed with 200 pl of PBS repeatedly while leaving spheroids at the bottom
of plate. After washing, 200 pl of media containing 2.5 pg/ml gentamicin (Gibco) was added, and

tumor spheroids were monitored for growth. Acquisition of spheroid still images was performed
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with EVOS FL Auto 2 Cell Imaging Systems. The scope and accessories were programmed using

the Celleste Imaging Analysis software.

2.2.10 Bacterial coloniation quantification via colony counts.

Spheroids containing bacteria were repeatedly washed with 200 ul of PBS, while leaving spheroids
at the bottom of plate. After washing, spheroids were re-suspended in 100 ul of PBS and
homogenized using mechanical dissociation with sterile tips and repeated pipetting. Destruction
of spheroids were confirmed by microscopy. Serial 10-fold dilutions of the samples were

inoculated on appropriate agar plates.

2.2.11 GFP average fluorescence and radial histograms for spheroids.

To measure the spatiotemporal dynamics of bacteria invading tumor spheroids, we first found a
threshold brightness value for each TL image to distinguish the dark spheroid from the light
background. Scikit-image implementations of two popular thresholding methods were used: the
minimum method (185 for images taken daily, and Yen’s method (186) for other images. The
largest region within the resulting threshold-based image mask was identified as the tumor
spheroid, and the mean intensity of sfGFP fluorescence within this region was calculated. To
compute radial histograms, mean sfGFP fluorescence for many thin annuli with variable mean

radii were measured and centered on the centroid of the spheroid mask region.

2.2.12 Animal gastrointestinal models.

All animal experiments were approved by the Institutional Animal Care and Use Committee
(Columbia University, protocol AC-AAANB8002). Animal experiments were performed on 4-6
week old BALB/c mice (Taconic Biosciences) after pretreatment with antibiotics (Ampicillin and

Neomycin) for 7-10 days prior to oral gavage of bacterial strains (187). Fecal matter was collected
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daily and plated on selective plates with or without DAP to quantify containment. Animals were
euthanized at an endpoint of 7 days, and the whole gut was excised, separated into 5 sections (S1,
S2, C, L1 and L2), weighted and then homogenized to plate on DAP supplemented plates for

colony count the next day.

2.2.13 Measurements ofjastrointestinal bacteria distribution.

Recovered CFU were all normalized by weight of organ in grams (g) as done previously (47, 188
(Fig. 2.20, Fig. 2.25). Absolute CFU g of individual mice were divided by respective CFU
g from the S1 region to compute relative bacterial distribution along the gastrointestinal axis

(Fig. 2.20, Fig. 2.23).

2.2.14 Animal tumor models.

All animal experiments were approved by the Institutional Animal Care and Use Committee
(Columbia University, protocol AC-AAANB8002). The protocol requires animals to be euthanized
when tumor burden reaches 2 cm in diameter or under veterinary staff recommendation. Mice were
blindly randomized into various groups.

Animal experiments were performed on 6-8-week-old female BALB/c mice (Taconic Biosciences)
with bilateral subcutaneous hind flank tumors from CT26 colorectal cells. The concentration for
implantation of the tumor cells was 5x107 cells per ml in RPMI medium (no phenol red). Cells
were injected at a volume of 100 pl per flank, with each implant consisting of 5 x 108 cells. Tumors
were grown to an average of approximately 150 mm?3 before bacterial injections. Tumor volume
was quantified using calipers to measure the length, width, and height of each tumor (V =L x W

x H).
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2.2.15 Bacterial administration forin vivo experiments.

Bacterial strains were grown overnight in LB media containing appropriate antibiotics. A 1:100
dilution into media with antibiotics was started the day of injection and grown until an OD of
approximately 0.4. Bacteria were spun down and washed 3 times with sterile PBS before injection
into mice. Oral gavage and intravenous injections of bacteria were performed at a concentration

of 5 x 10%and 5 x 108 cells per ml in PBS respectively and administered at a total volume of 100

ul.

2.2.16 Biodistribution.

After 2 days of bacterial injection, mice were sacrificed to harvest tumors, spleen and liver.
Subsequently, organs were weighed and homogenized using a gentleMACS tissue dissociator
(Miltenyi Biotec; C-tubes). Homogenates were serially diluted and plated on LB—agar plates at
37 °C overnight. Colonies were counted and computed as CFU g of tissue. Tumor targeting
capability was calculated by comparing tumor:spleen and tumor:liver ratio of control ELH1301
and engineered lactate hypoxia AND gate circuit strain. Limit of detection (LOD) were determined

by lowest CFU detectable per dilution of sample.

2.2.17Ex vivoorgan measurements.

pH was determined using pre-calibrated microprocessor-based pH meter with spear ending
(Oakton Instruments). Gut pH measurements were taken from mice pretreated with antibiotics and
after oral gavage. Measurements were then taken with gastrointestinal tract cut open and lumen
exposed in order to measure pH level of lumen with pH meter in contact with the lumen surface.
Tumor, liver and spleen were extracted, weighted, and homogenized using gentleMACS tissue

dissociator (Miltenyi Biotec; C-tubes) in 5ml PBS containing 15% glycerol. pH measurements
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were taken from homogenate with compensation for added PBS. A pH reading was taken
immediately after the animals were euthanized to minimize influence of post-mortem time on pH.
Samples were covered by probe tip and stable reading was acquired. The pH meter was washed
with distilled water between measurements. Lactate assays were also performed on the extracted
organs. Standard protocol using lactate colorimetric assay kit Il (BioVision) was performed and

dilution from added PBS were compensated by calculation.

2.2.18 Mathematical Model.

To describe the behavior of biosensors, we developed a system of ordinary differential equations
that describe the dynamic expression of GFP (y) in response to varying levels of environmental
lactate (L; Eq.1), oxygen (O2; Eq.2) and pH (H*; Eq.3), regulated by transcriptional factors LIdR,
FNR and CadC, respectively. Each biosensor’s simplified equation is derived from mass-action
equations describing the binding of transcription factors to DNA operators with regulation by
lactate, oxygen and pH, based on previous approaches for describing promoter activity via
repressor and activator occupancy (189, 190. For simplicity we assumed timescales for binding
and transcription reactions to be significantly faster than translation (191-193). Bacterial growth
is modeled using the logistic equation with Nmax as the maximum population size, [ is the
degradation rate and ‘ is the growth rate (Eq.4). For containment circuits, we assumed that protein
concentrations produced from asd and glms genes follow GFP concentrations from the below
biosensor equations. For the general AND gate containment circuit, we assumed growth rate is

proportional to the product of glmsand asdexpression (Eq.5) (Fig. 2.5d,e).
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Model Parameter Values.We chose model parameters based on fitting experimental GFP
biosensor data (Fig. S8). We saw GFP activation with increase of L (lactate concentration) and
H*(protons), and decrease of Oz (oxygen level). Other parameter used include the following:
| (production rate), 1750-3000;[ (degradation rate), 0.01-1; Ki(lldR dimer binding affinity to
plldR promoter), 200; Ki(Lactate binding affinity to lldR dimer), 200; Kz (FNR dimer binding
affinity to pPepT promoter), 0.5; Koz (O2 binding affinity to FNR dimer), 0.4; K3 (CadC binding
affinity to pCadC promoter), 0.7; Kn (H* interaction with CadC transcription activator), 10;
Nmax(maximum population), 1000;  (rate of bacterial degradation), 2.5; a(gene expression to
growth rate proportionality constant), 1.3x 10°" for more than one essential gene, 4.6x 10 for
single essential gene. The parameter a was derived from experimental data of comparing

supplement concentration to bacterial growth (Fig. 2.5d-e).

2.2.18 Statistical analysis.
Statistical tests were performed either in GraphPad Prism 7.0 (Student’s t-test and ANOVA) or
Microsoft Excel. The details of the statistical tests are indicated in the respective figure legends.

When data were approximately normally distributed, values were compared using either a
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Student’s t-test, one-way ANOVA for single variable, or a two-way ANOVA for two variables
with Bonferroni correction for multiple comparisons. Mice were randomized into different groups

before experiments.

Table 2.2 | Plasmids used in this study.

Identifier | Promoter | Relevant Features ORI Figure

pBK1 pLIdR asd scl01* 3

pBK2 pLIdR asd-LAA scl01* 3

pBK3 pLIdR asd, Antisense(AS) scl01* 3

pBK3-1 pLIdR 50% RBS asd (AS) scl101* 3

pBK3-2 pLIdR 10% RBS asd (AS) scl01* 3,S5,S6

pBK6 pLIdR GFP asd (AS) scl01* 3

pTCO06 pTac IIdR scl01* 2,S1

pTCO7 pTac IIdR,IIdP scl01* 2,S1

pTCO08 pTac lIdR colE1l 2,4,5,51,S5-
7,511,S17,S19

pTCO09 pTac IIdR,IIdP colE1l 2,51

pTCO012 pLIdR asd Scl101* S13,15

pTC13 pLIdR GFP colE1l S1

pTC14 pLIdR GFP sc101* S1

pTC17 pTac IIdR p1l5A S1

pTC18 pTac IIdR, lldP p1l5A S1

pTC19 pLIdR GFP pl5A 2,4,5,S1,S5-
7,511,S17,S19

pTC36 pCadC GFP colEl 2,S2

pTC37 pCadC GFP scl01* 2,4,5,S2,S19

pTC66 pLIdR glms scl01* 3,5,S6

pTC77 pCadC asd-LAA scl01* 3

pTC79 pCadC GFP asd scl01* 3

pTC80 pCadC GFP asd (AS) scl101* 3

pTC81 pCadC 11% RBS GFP asd-LAA (AS) | sc101* 3

pTC82 pCadC 29% RBS GFP asd-LAA (AS) | scl01* 3

pTC85 pCadc 60% RBS GFP asd-LAA (AS) | scl01* 3,4,55,512-14

pTHO1-1 | pPepT GFP colE1l 2,4,5,53,517,519

pTHO1-2 | pVgb GFP colE1l 2,S3

pTHO1-3 | Ff20 GFP colE1l 2,S3

pTHO7-1 | pPepT asd colEl 3

pTHO7-2 | pPepT asd p15A 3

pTHO6-1 | pPepT asd Genome 3,4,5,55,514,S17

integrated
ptacsfgfp | pTac GFP colE1l 2,5,51,518
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Table 2.3 | Bacterial and mammalian stains used in this study.

Label Bacteria/Cell line Genomic Figure

EcN Escherichia coli Nissle 1917 N/A 2,4

EcN Yasd Escherichia coli Nissle 1917 Yasd 3,4,54

Keio collectionYcadA | Escherichia coli YcadA 2,82

Nislux Escherichia coli Nissle 1917 luxCDABE 4

(genomic)

Machl Escherichia coli N/A 2,4

ELH1301 S. typhimurium N/A 5,517-19

ELH1301Yasd S. typhimurium Yasd 5

ELH1301Yglms S. typhimurium Yglms 5,54,56

ELH1301YasdYglms | S. typhimurium YasdYglms 3,5,54,57,S20-

22

A20 Mouse lymphoma cells N/A 4,510

CT26 Mouse colorectal carcinoma N/A 4,510

CT26-iRFP Mouse colorectal carcinoma iRFP NLS 5,518-19

(genomic)

4T1 Mouse metastatic mammalian N/A 4,510
gland

368T1 Mouse primary lung N/A 4,510,S11
adenocarcinomas

393T1 Mouse primary lung N/A 4,511
adenocarcinomas

373T1 Mouse metastatic lung N/A 4,S11
adenocarcinomas

802T1 Mouse primary lung N/A 4,511
adenocarcinomas

482T1 Mouse metastatic lung N/A 4,S11
adenocarcinomas

393T5 Mouse metastatic lung N/A 4,S11
adenocarcinomas

HLF Human Lung Fibroblasts N/A 4,511
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2.3 Results

2.3.1Development and characterization of engineered biosensors

To construct bacterial biosensors that can distinguish unique organ environments, we chose
oxygen, pH and lactate as common physiological indicators with substantial prior quantitation in
mice and humans (Table 2.1) (194-198). To sense oxygen, we utilized a hypoxia-sensing promoter
(pPepT) that is primarily regulated by the transcriptional activator, fumarate and nitrate reduction
regulatory protein (FNR) (95) (Fig. 2.24). In the absence of oxygen, FNR binds a [4Fe—4S]?*
cluster to generate a transcriptionally active homodimer. However, the cluster is degraded in the
presence of oxygen, which dissociates the FNR dimer into inactive monomers (199). Measuring
green fluorescent protein (GFP) expressed under the control of the pPepT promoter on a plasmid,
we detected elevated levels of fluorescence in response to hypoxic conditions (Fig. 2.2a). We next
designed an L-lactate biosensor, derived from the native LIdPRD operon (200-202), to detect lactic
acid fermentation by host mammalian cells. This lactate sensing system was constructed on two
plasmids: a lactate-inducible reporter plasmid driving expression of a gene of interest and a
repressor plasmid, which produces the repressor LIdR that dimerizes to inhibit expression of the
reporter gene unless bound to lactate (Fig. 2.2a). In response to increasing concentrations of L-
lactate in the culture media, we observed a corresponding increase in GFP (Fig. 2.2a). Lastly, we
engineered the pH-sensitive promoter pCadC among other systems (203, 204, that is regulated by
a membrane tethered activator protein (CadC) (205-207), which shows increased activity in acidic

media compared to media at a neutral pH (Fig. 2.2a).
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Figure 2.2 | Design and characterization of hypoxia, lactate and pH biosensors (aeft) Each biosensor
architecture consists of modified native bacteria promoters to sense specific environmental changes and
express GFP. The hypoxia biosensor utilizes the pPepT promoter (or others) that relies on dimerized FNR
to drive gene expression under low oxygen level. The lactate biosensor contains constitutive production of
an LIdR repressor, which de-represses and activates the pLIdR promoter in the presence of lactate. Lastly,
the pH biosensor, based on the pCadC system, is regulated by the membrane-tethered transcriptional factor
CadC. (RighY Biosensor strains were grown in a specified environment (0 and 20% oxygen, 0-10 mM
lactate, and 5.5, 6, 6.5, 7 pH) for 16 hours. Fold change was calculated as fluorescent ratio of induced to
un-induced state (n=3, biological replicates, mean ° S.E.M) (see Supplementary Table 2 for details). b,
Three biosensors (pPepT, pTC1908, pTC37. See Supplemental Table 2) were chosen from the variants and
each was grown in pH of 5.3-7.3, 0, 0.1, 1, 10 mM of lactate and 0, 10, 20% oxygen levels for 16 hours to
characterize their induction in intersecting environmental conditions. All strains were cultured and assayed
for fluorescence signal compared to a control baseline condition with oxygen at 20%, lactate concentration
at OmM and pH level at 7.3 (n=3, biological replicates, mean data, see Supplementary Table 5 for raw data
and S.E.M).

We next built a library of biosensor variants by tuning genetic parameters in order to
establish systems that specifically activate in contrasting environmental conditions. For hypoxia
biosensors, we tested three distinct hypoxia promoters (pPepT, FF+20 and pVgb) (95, 182, 208
and demonstrated that hypoxia induces gene expression downstream of each promoter when
compared to a constitutive promoter (Fig. 2.2a). For lactate biosensors, we varied the origin of
replication as a knob to tune the copy numbers of the plasmids encoding the promoter (pLIdR) and

the regulatory protein (LIdR). Utilizing this approach, several biosensor variants showed notable
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activation under increasing lactate concentrations with varied sensitivity and dynamic ranges (Fig.
2.2a and Fig.2.3). Lastly, for pH biosensors, we also constructed a library of biosensor variants
by changing plasmid copy numbers and we observed biosensor activation within the physiological

pH range (Fig. 2.2a and Fig. 24).
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Figure 2.3 | In vitro characterization of lactate biosensor variantsLactate biosensor variants were
constructed by generating a library of plasmids containing a lactate promoter driving GFP and a constitutive
promoter driving the lactate repressor. The plasmids were then co-transformed into E. coli Machl or an
EcN strain, resulting in 24 generated variants. Induction data from 24 different strains with a high copy (a),
middle copy (b) and low copy (c) reporter plasmid showing the level of GFP expression (a.u) at each
external concentration of lactate (left). The fold-change of the lactate biosensor was calculated as the ratio
of GFP fluorescence in induced to non-induced states (right). The level of repressor paired with the reporter
is represented by the shades of color, with darker colors corresponding to increasing repressor copy
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numbers. The dotted (red) line in (B) represents the optimal strain that matched our criteria of low basal
expression and high fold change upon induction.
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Figure 2.4 | In vitro characterization of pH biosensor variants. aFor a better understanding of the
pCadC promoter, we tested the pH-sensing capabilities of a CadAknockout strain, which does not catalyze
decarboxylation of lysine to neutralize the bacterial extracellular environment and observed similar
promoter sensitivity (209). High or low plasmid copy number pH biosensor variants were constructed using
the pCadC promoter driving a GFP gene and transformed into E. coliMach 1 strain or a ACadA strain from
the Keio collection (labeled with -1 following the strain name). Different pH biosensor variants and controls
were then characterized by measuring fluorescent output when grown in a plater reader over a gradient of
pH (~5.3-8)(n=1), seeding density of 108/mL in non-buffered pH media. b, Further in vitro characterization
of selected pH biosensor strain pTC037 by tracking GFP fluorescence signal over time cultured in 10mM
phosphate buffered media with pH raging from 5.2-7.6 , seeding density of 10° cfu/mL (n=3, biological
replicates, mean +S.E.M).

We chose to further characterize a single biosensor variant for oxygen, lactate, and pH

conditions. The variants pPepT, pTC1908, pTC37 were selected because of their activation in
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physiological concentrations similar to naturally-occurring levels in various organs, such as the
gastrointestinal tract and solid tumors (210, 21). Here the hypoxia biosensor, pPepT,
demonstrated low basal expression, which is suitable for preventing non-specific activation (Fig.
2.5). The lactate biosensor variants generally demonstrated low basal expression, and we chose
pTC1908 additionally based on its relatively high dynamic range (Fig. 2.3). Specifically, pTC1908
is composed of a middle copy number reporter plasmid and its basal expression is quenched by
LIdR repressor on a high copy number plasmid. For the pH biosensor, we chose pTC37, engineered
on a single low copy number plasmid since it exhibited robust sensing at lower pH ranges (Fig.
2.4a). Since bacteria are often subjected to multiple environmental conditions simultaneously in
vivo, we also tested the cross-reactivity of the biosensors in overlapping environmental conditions.
Here, we observed functional activity of biosensors exposed to multiple conditions, suggesting the

ability of using these biosensors in a combinatorial manner (Fig. 2.2b).

b

»
@
N
3,

250000

M
[=

c
- 5
: g
& 200000 =]
= i o B — =
3 2 215
S 150000 <l =
2 o4 Y -
g 100000 2 g 1.0 .
o =2 — S os
o 50000 o
© ———a | £
0 0 0.0
£ $ N pSodA GFP pTac GFP -hyp  pTac GFP - nor
Q ) x
Q°© 3 &
Q <

Figure 2.5 | GFP expression of hypoxia biosensor variants in normoxia and fold change of
constitutive GFP fluorescence after rescue, Hypoxia biosensor variants (pPepT, pVgb and
FF+20) were grown in normoxia to observe basal promoter expression utilizing GFP as proxy

for 16 hours (n=3, °S.E.M) b, pSodA promoter driving GFP expression was cultured in

normoxia and hypoxia over 16 hours followed by fluorescence assay. GFP was normalized by
pTac and fold change was calculated by GFP ratio between normoxia and hypoxia (n=2,

°S.E.M). ¢, Constitutive promoter expressing GFP was cultured in normoxia and hypoxia
overnight with same starting density. Cultures were then set in normoxia for 4 hours, allowing
GFP maturation after being re-oxygenated. The bacteria were left on ice to minimize the growth
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and metabolism during normoxia (212, 213. From the oxygen rescue, GFP increased by roughly
2 -fold for the strain grown in hypoxia (n=3, biological replicates, mean® S.E.M).

2.3.2 Engineering biosensors as containment strains to control bacterial growth
We next sought to restrict bacterial replication in response to distinct biochemical
signatures by expressing essential genes under the control of the biosensor promoters. This coupled
design allows for potentially larger fold differences in bacterial number between environmental
conditions despite the relatively low dynamic range of an individual biosensor. We chose an
essential gene (asd required in lysine, threonine, and methionine biosynthesis. Supplementation
by diaminopimelic acid (DAP), a bacteria specific amino acid, allows for growth in asd-knockout
strains (95). Importantly, DAP cannot be produced or metabolized from the host cellular
environment, which provides an ideal strategy for biocontainment in vivo. We knocked out the asd
gene from the genome of E. coli (Fig. 2.6a) and placed the gene under the control of the three
biosensor promoters. Since the initial circuits showed high levels of basal expression, we reduced
this expression by constructing a library of variants with a range of gene copy numbers and
introducing additional gene regulators (Fig. 2.7a). Briefly, we first decreased the plasmid copy
number to lower basal gene expression level (colE1, p15a, or sc101 plasmid origin of replications
and a single genome integration). We additionally tuned expression levels by introducing
transcriptional (ribosomal binding site (RBS) strength and antisense RNA) and translational
(protein degradation tag) controls (Fig. 2.7a). A complete listing of modifications and sequences

is presented in Table 22, 2.3
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Figure 2.6 | Growth of essential geneknockout strains in culture media. a ODggo 0f an asdknockout
E.coli Nissle strain grown with or without the supplement DAP (n=3, biological replicates,mean®S.E.M).
b, ODego 0of gimsknockout S. typhimuriunstrain with or without rescue supplement D-glucosamine (n=3,
biological replicates, mean®S.E.M). ¢, Double knockout S. typhimuriumstrain (AasdAgimg grows only
when both supplements are supplied. (n=3, °S.E.M) d, Growth rate of asdknockout strain in relation to
concentration of DAP supplement (n=3, biological replicates). Black line represents linear regression trend
(y = 0.00046x + 0.017, R?=0.7. e, Growth rate of gimsknockout strain in relation to concentration of D-
glucosamine supplement (n=3, biological replicates). Black line represents linear regression trend (y=
0.00029x + 0.015, R?=0.92). Growth rate is calculated as initial ODsgoo subtracted from maximum ODseoo
divided by time difference.
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Figure 2.7 | Engineering biosensordependent containment circuits and multiplexing for AND logic
gate growthin vitro. a, Design of modular containment circuit that includes a biosensor promoter (pPepT,
pLIdR, or pCadC) driving an essential gene (asd. To tune the sensitivity and reduce noise, additional
regulators such as antisense promoters (pTac or pSodA), origin of replication (colE1l, p15A, sc101 or
genome integration), ribosomal binding site (RBS) or protein degradation tag (LAA) were utilized. b,
Characterization of biocontainment variants by escapee rate defined as the ratio between colonies grown in
non-permissive conditions (normoxic, 0 mM lactate, and pH 7) and permissive conditions (hypoxic, 10 mM
lactate, and pH 6). All variants were cultured for 12-16 hours with starting density of 107 cfu/ml and plated
on LB agar plates with added supplements, after which colonies were counted the next day (n = 3, biological
replicates, mean ° S.E.M). All variants drove an essential gene along with additional genetic parts such as
anti-sense, tuned RBS strength, or degradation tag (LAA). Blue, red and green indicate hypoxia, lactate and
pH driven containment circuit, respectively (see Supplementary Table 2 and 4 for details). (Bottonm) Design
of the circuit variants specifying changes in origin of replication, RBS, and regulators for each construct.
¢, Schematic of lactate-hypoxia AND logic gate circuit consists of both the hypoxia promoter pPepT
driving essential gene asdand lactate biosensor pLIdR driving a second essential gene glms d, Escapee
rates of lactate-hypoxia AND logic gate circuit. The engineered bacteria were cultured in the different four
conditions (none, 10 mM lactate supplemented, hypoxic condition and combination of 10mM lactate with
hypoxic condition). Escapee rate is calculated by ratio between non-permissive (no inducers, lactate only
or hypoxic only) and permissive condition (both lactate and hypoxia). Two single circuits were grown in
either lactate or hypoxic conditions (n=3, biological replicates, mean ° S.E.M). Samples were grown for
16 hours and then plated on LB agar supplemented with DAP and D-glucosamine. Colonies were counted
after incubating at 373  overnight.
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To assess the impact of these modifications, we measured circuit function as the ratio of
bacterial growth in non-permissive environments (normoxia, 0 mM lactate or neutral pH) to
permissive conditions (0% oxygen, 10 mM lactate, or pH 6), which represents the “escapee rate”
for characterizing the containment capability of the engineered bacteria, as has been used in other
publications (93, 151, 154 We identified several strain variants with low escapee rates that could
grow selectively under permissive conditions (Fig. 2.7b). For the hypoxia containment circuit
(pTH6-1), we genomically integrated the construct containing an additional gene (gfp) upstream
of asd to reduce asdgene expression levels, followed by an antisense normoxia promoter, pSodA
(Fig. 2.90), to reduce basal expression of asd This optimized circuit design achieved selective
bacterial growth in hypoxic conditions (Fig. 2.70 and Table 2.2). For the lactate containment
circuit (pBK3-2/8), lowering RBS strength and building on the low copy plasmid were required
for lactate dependent bacterial growth (Fig. 2.7b and Table 2.2). Lastly, for the pH containment
circuit (pTCO085), in addition to a reduced RBS strength, we also included a degradation tag
downstream of asdto lower basal gene expression (Fig. 2.7b and Table 2.2). The proportions of
bacteria that grew in non-permissive conditions (escapee rate) were less than 104, 103, 102 for
hypoxia, lactate, and pH containment circuits, respectively. We further sampled oxygen, lactate
and pH levels and demonstrated that these containment strains grew in ranges similar to biosensor
activation (Fig. 2.8and Fig. 2.2a). Taken together, we demonstrated engineered bacterial growth

driven by three different environmental cues.
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Figure 2.8 | Characterization of biosensor containment circuitsColony forming units (CFU)/ml of
biosensor containment strain cultured in multiple physiological conditions. Hypoxia containment strain
(pTH6-1) (a) was cultured under 0%, 10% or 20% oxygen, lactate containment strain (pBK3-2/8) (b) was
grown in 0, 0.1, 1 and 10 mM lactate and pH containment strain (pTCO085) (c) was grown in pH 5.2, 5.5,
6.0 and 7.0. All cultures were grown with starting density of 10° cfu/ml and grown for 5-10 hours, then
plated and grown for 16 hours on supplement-supplied agar plates followed by colony enumeration (n=3,
biological replicates, mean °S.E.M, LOD 200 CFU/ml).

2.3.3 Multiplexing biosensorgo improve specificity

Since a single physiological condition can be similar in two organs, for example, hypoxia
in both the large intestine and in tumors, integration of multiple signals can allow for further
distinguishing of organ locations. Thus, to further enhance the specificity of our biocontainment
circuits, we designed an AND logic gate circuit, which only permits bacterial replication in the
presence of two different environmental conditions. To do this, we engineered an additional
containment strain with the lactate biosensor driving expression of glms an essential gene
orthogonal to asdthat encodes for a glucosamine-6-phosphate synthase that can be rescued with
D-glucosamine (214) (Fig. 2.6b). This engineered lactate containment circuit exhibited selective
growth in the presence of 10 mM lactate with a 2.6 x 10 escapee rate (Fig. 2.7d and Fig. 2.9a).
Prior to combining with hypoxia containment circuit, we tested the lactate containment strain in
hypoxic condition and consistently observed lactate-dependent growth (Fig. 2.%). We next
combined the gimsbased lactate containment circuit with the asdbased hypoxia containment

circuit in a double knockout strain (Fig. 2.7c). This AND logic gate system grew when cultured
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under both low oxygen and high lactate, while we measured no colonies up to the limit of detection
(LOD, 10?2 CFU/mL) for hypoxic- or lactate-only culturing conditions (Fig. 2.7d and Fig. 2.10.
Importantly, the AND logic gate system demonstrated ~10* improvement of escapee rate (108)
compared to single biosensor containment circuits. These findings highlight that using multiplexed

biosensor-based logic gate circuit architecture can significantly improve growth specificity.
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Figure 2.9 | Growth dynamics of the lactate containment circuit.a, Growth curve of the bacteria
carrying lactate containment circuits at varying starting densities. Bacterial cultures were inoculated at
starting densities 105, 10%, 10* and 10° cells per well, all grown in culture + 10mM lactate. ODgoo Was
measured every 15 minutes for 18 hours on a plate reader. (n=3, biological replicates, mean®S.E.M). b,
CFU/ml was recovered after growing lactate containment strain (pBK3-2/8) in hypoxic condition and pH
of 6.8 with 0, 0.1, 1 and 10 mM lactate concentration for 8 hours, then plated and grown for 16 hours on
supplement-supplied agar plates followed by colony enumeration (n=3, °S.E.M, biological replicates, LOD
200 CFU/ml).
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Figure 2.10| Lactate-hypoxia circuit demonstrates AND gate logic growth behavior(Top Growth
dynamics of lactate-hypoxia containment strain in four different conditions (none, 10mM lactate
supplemented, hypoxia condition, and combination of 10mM lactate with hypoxic condition). Samples
were collected every 3 hours and plated on LB agar supplemented with DAP and D-glucosamine (n=3,
biological replicates, mean °S.E.M). Colonies were counted after 37JC incubation for 16 hours. (Bottom
Representative images of bacterial colony plates of the four different conditions with biological triplicates.
LOD, 102CFU/ml.
2.3.4 Mathematical Modeling of biosensors

To further explore the functionality of single and multi-input biocontainment circuit
architectures, we developed a mathematical model to simulate bacteria growth regulated by one or
more biosensor promoters. To do this, we described the rate of reporter protein (GFP) production
governed by different biosensor regulators (activators for hypoxia and pH biosensors, repressors
for lactate biosensor) with a system of ordinary differential equations (Methods). We simulated

bacterial growth based on biosensor activation (Fig. 2.11), and explored multiplexed

environmental biocontainment using various biosensor combinations (Fig. 2.12. We observed
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that the relatively low dynamic range of the promoters, when coupled to essential gene production
and tuned, was sufficient to drive bacterial growth and result in significant differences in bacterial
number based on environmental inputs in the physiological ranges of interest (Fig. 2.12and Fig.
2.13). While some biosensors displayed slight differences in activation Kinetics, our model
predicted growth of bacteria in various specified environmental combinations over longer time-
scales in in vitro experimental observations (Fig. 2.14), and providing a generalizable model of

circuit architectures to explore beyond our immediate system and applications.
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Figure. 2.11 | Computational modeling of biosensors.Biosensors are modeled under regulation of
transcription activators (FNR, CadC) or repressors (LIdR) with varying environmental conditions. (Leff)
biosensor circuit schematics as shown in Fig.1 with (middle modeling in silico predictions compared to
(right) in vitro experimental results (n=3, ° S.E.M). See supplementary materials for detailed equations and
parameters used in this study. Lactate and pH biosensor in vitro GFP fluorescent result is normalized by
OD. Hypoxia biosensor in vitro GFP fluorescence was measured in an anaerobic chamber and are
normalized by data from constitutive promoter pTac.
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Figure 2.12| Computational simulation of 1, 2 and 3input biosensor dependent growthThe heatmap
shows bacterial growth in two-dimensional space with lactate concentration of 0, 0.1, 1 and 10mM, pH
levels of 5.3, 5.8,6.3 and 7.3, oxygen levels of 0, 10 and 20% after 2 hours. a, 1-input single containment
strains grow in response to hypoxia (blue), high lactate (red) and low pH (green) environment. b, For 2-
input AND gate containment strains, bacterial growth is further restricted to where two specified
environmental conditions overlap. For lactate hypoxia AND gate containment strain (purple), maximum
growth is observed at lactate concentration 10mM and oxygen level of 0%. For pH hypoxia AND gate
containment strain (brown), maximum growth is seen at pH of 5.3 and oxygen level of 0% Lastly, for lactate
pH AND gate containment strain (orange), maximum bacterial growth is seen at pH of 5.3-5.8 and lactate
of 10mM, regardless of oxygen content. ¢, When combining all three biosensors (black), bacterial growth
is limited to when pH is 5.3-5.8, lactate of 10mM and oxygen level of 0%.

4 AND-Gate 1: Lactate + Hypoxia (in silico) b 4 AND-Gate 2: pH + Hypoxia (in silico) c AND-Gate 3: Lactate + pH (in silico)
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Figure 2.13 | Computational simulation of three 2input AND-gate containment circuit. a,
Computational modeling of lactate hypoxia AND gate containment strain growth over time in permissive
(high lactate and hypoxia) and non-permissive (none, high lactate or hypoxia only) conditions. b, Growth
simulation of pH hypoxia AND gate containment strain in permissive (low pH and hypoxia) and non-
permissive (none, low pH or hypoxia only) conditions. ¢, Growth simulation of lactate pH AND gate
containment strain in permissive (high lactate and low pH) and non-permissive (hone, high lactate or low
pH only) conditions. Lines not shown are covered by overlapping lines.
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Figure 2.14| Computational simulation of single and ANDgate containment strain growth kinetics.
pH containment strain(green)(a), lactate containment strain(red) (b) and hypoxia containment strain(blue)

(c) reaches stationary stage sooner compared to hypoxia lactate AND gate containment strain (purple), pH

lactate AND gate containment strain (orange) or hypoxia pH AND gate containment strain (brown) in silico.

Parameters set for growth corresponds to pH 5, lactate concentration of 10mM and 0% oxygen level.

2.3.5Bacteria biosensors and containment strains &r bacterial population levels in

physiological environments

As a step towards in vivo characterization of biosensors, we first assessed the capability of
bacterial biosensors to sense metabolic activity of mammalian cell cultures in vitro (Fig. 2.158).
We cultured cell lines from various origins, including colorectal, lung, lymph nodes, and breast,
over 5 days and measured the levels of lactate and pH in the culture media after collection (Fig.
2.16). Subsequently, we cultured biosensor-containing bacteria (pPepT, pTC1908, pTC37) in the

collected cell media supernatant and measured the fluorescence from the biosensor strains after 16
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hours. We observed a concomitant increase in the bacterial fluorescent signal as lactate
concentrations increased and the pH level decreased (Fig. 2.1%, ¢). To confirm that the biosensor
activity is independent of cell origin, we assayed media supernatant samples from six different
lung cancer cell lines and a lung fibroblast cell line (215). We found that the biosensor showed an
increase in fluorescent signal only in the cancer cell lines that produced ~10 mM lactate, suggesting
the activation range of our lactate biosensor to be within in vivotumor levels (Fig. 2.17 and Table
2.1). To characterize the hypoxia biosensor in culture media, we incubated the bacteria with cell
media in a culture chamber with varying oxygen levels (0%, 10%, 20%). We observed consistent
increases in fluorescence signal following decreasing oxygen levels across cell lines (Fig. 2.15).
Collectively, these results demonstrate that our engineered bacteria can sense and enhance growth

in distinct biochemical signatures found in host environments.
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Figure 2.15| Engineered biosensors respond to physiological cues.Cell culture media supernatant
from four cancer cell lines (A20, CT26, 368T1 and 4T1) were collected twice a day over five days and then
cultured with our three bacteria biosensors (pTC1908, pTC37 and pPepT). Fluorescence activation of
lactate (b, red), pH (c, green), and hypoxia (d, blue) biosensors when cultured in the collected supernatant
overnight at 373 . Hypoxia biosensor cultured in cell media supernatant was grown in ° oxygen conditions.
GFP signal from hypoxia biosensor was normalized by constitutive promoter control (n=3, biological
replicates, mean ° S.E.M). e, Bacteria strains are cultured in gut compartment relevant pH and O
concentrations, with small intestine (S, pH = 6.3 and 20% oxygen), Caecum (C, pH = 7.5 and 0% oxygen)
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and large intestine (L, pH = 7 and 0% oxygen). f, End point ODego 0f bacteria grown in gut mimicking
conditions with starting density of 108 cells/ml for 12-16 hours. (pTC085: n=6, pTH6-1: n=6, biological
replicates, mean ° S.E.M. ****p < 0.0001 two-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test). g, Fresh fecal pellets were collected every day for 7 days, homogenized and plated on
LB agar plates with antibiotic (Abx) selection ® DAP (Nislux: n=7, pH (pTCO085): n=7, hypoxia (pTH6-1):
n=8 per time point, biological replicates, mean ° S.E.M. ***p = 0.0005 two-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test, limit of detection (LOD) 10® CFU/g). h, Mice were
sacrificed at the end of the experiment (day 7), and the gastrointestinal tract was sectioned into 5 regions
(S1, upper small intestine track; S2, lower small intestine track; C, caecum; L1, upper large intestine track;
L2, lower large intestine track). The regions were homogenized and plated on LB agar plates with antibiotic
selection and DAP. Colonies were counted the following day. Absolute CFU/g of recovered bacteria from
each gut compartment (Nislux: n=13, pH(pTC085): n=8, hypoxia (pTH6-1): n=15, biological replicates,
median with interquartile range, *p < 0.04, **p < 0.009, ***p = 0.0003, ****p < 0.0001, Kruskal-Wallis
analysis of variance (ANOVA), limit of detection (LOD) 102 CFU/qg).
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Figure 2.16| Levels of lactate and pH of A20, CT26, 368T1 and 4T1 cell supernatants over 5 days.
Lactate concentration (a) and pH (b) of the 4 different cancer cell lines supernatant over time. All four cell
lines were cultured under the same conditions. Lactate concentration of the collected supernatants exhibited
increasing trend with all cell lines starting with lactate levels less than 5mM. As time progressed 368T1
and 4T1 cell supernatant exhibited more lactate accumulation compared to the other two cell lines.
Similarly, the pH level from all cell line supernatants showed decreasing trends, as 368T1 and 4T1 exhibited

a sharper decrease in pH compared to A20 and CT26 cells.
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Figure 2.17| Lactate biosensorin vitro characterization with 6 different lung cancer cell lines.a,
Lactate concentration from 6 different lung cancer cell lines and 1 lung fibroblast cell line supernatant
exhibiting increasing trend. b, Lactate biosensor bacteria were cultured with mammalian cell supernatants
(6 lung cancer cell lines and a human lung fibroblast) for 16 hours, followed by fluorescence assay. Elevated
GFP fluorescence was observed in response to increased lactate concentrations (n=3, biological replicates,
mean°® S.E.M).

Since oxygen and acidity levels decrease along the longitudinal axis of the intestine (211),
we explored whether our engineered strains could lead to enhanced biocontainment. We
transformed pH and oxygen biosensors driving asdgene expression in a probiotic bacterium, E.
coli Nissle 1917, currently used for oral administration in humans with gastrointestinal disorders
(216, 217. To test the biocontainment circuits in physiological conditions, we first grew the pH
and hypoxia containment strains in media matching gut environments of the small intestine,
caecum, large intestine in vitro (Fig. 2.15%). The pH containment strain demonstrated highly-
specific growth in the acidic small intestine environment, whereas the hypoxia containment strain
showed preferential growth in the hypoxic caecum and large intestine environment (Fig. 2.15).
To test biocontainment in vivo, we collected fecal samples over several days following oral
delivery of bacteria. For both hypoxia and pH containment strains, approximately 100-fold to
10,000-fold less bacteria from fecal samples grew during the course of one week compared to the
control strain (labeled ‘Nislux’, E. coli Nissle 1917 with integrated luxCDABE cassette) (Fig.
2.159). However, with DAP supplementation in the agar, containment strains were rescued to
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similar colony forming units (CFU) as the control strain. These results suggest that the reduced
bacterial numbers outside of the host occurred through engineered auxotrophy.

We subsequently examined the bacterial distribution along the axis of the gut by measuring
CFU from homogenized tissue along 5 regions of the gastrointestinal tract. Generally, more
bacteria were found in the distal colon (caecum and large intestine) for all strains, as expected from
previous studies (211, 218220) (Fig. 2.15 and Fig.2.18,b,0. Comparing to the control Nislux
strain, fewer hypoxia-containment bacteria (pTH6-1) were found in the S1 region of the small
intestine likely due to high oxygen, and similar bacteria counts were found in the large intestine
regions, as expected (Fig. 2.15). The pH containment strain (pTC085) showed lower levels of
bacteria overall compared to the Nislux control strain. This was potentially due to reduced growth
rates observed for pH values > 6 (Fig. 2.19, which correspond to GI tract measurements (Fig.
2.20. To analyze relative bacterial profiles across the gastrointestinal tract, we scaled by CFU/g
measurements of S1 for each strain respectively (Fig. 2.181). Compared to the Nislux control
strain, we found an approximate 10-fold relative enrichment of hypoxia-dependent bacteria in the
large intestine compared to the small intestine. In contrast, we observed a decrease in relative
bacteria levels in the distal colon of the gastrointestinal tract for pH dependent bacteria compared
to the control Nislux strain. To confirm that the altered biodistribution of pTC085 was not solely
due to a reduced growth rate in general or low viability of this strain, we created a constitutively
expressing asdstrain in the same Nissle asdbackground (pTC012). Here we observed pTC012
had similar viability and maximal growth rate to that of pTCO085 (as well as Nislux) at pH=6, but
no pH-growth dependence (Fig. 2.1% and Fig. 2.21). While the single containment strains
demonstrated selective growth in gut environment conditions in vitro, we didn’t observe specific

targeting in vivo. To explain this, we constructed a mathematical model by factoring in the escapee
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rates we observed for these strains. This model was able to recapitulate the shift in bacteria
distribution along the gut axis (Fig. 2.22) with a corresponding input of oxygen and pH values
(Fig. 2.20 and Table 2.1). Thus, while engineered strains could preferentially grow in the
simulated environmental conditions of different gut compartments, single sensors were not
sufficient to achieve targeting or overall profile shifts in the gastrointestinal tract in vivo,
potentially due to their significant escapee rates. These results provided further motivation for the

need for combining sensors to improve specificity by reducing escapee rates.
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Figure 2.18 | Bacteria distribution profile along the gastrointestinal tract Individual bacterial
distribution of positive control E. coliNissle 1917 with luxCDABE(Nislux) (a) hypoxia containment strain
pTH6-1 (b) and pH containment strain pTC85 (c¢) demonstrated by recovered CFU/g from small intestine
1(S1), small intestine 2 (S2), caecum (C), large intestine 1 (L1) and large intestine 2 (L2). Limit of detection
(LOD), 10° CFU/g. d, Fold change of bacteria relative to S1. CFU/g from each location scaled by respective
CFU/g from S1. (Nislux: n=13, pH(pTCO085): n=8, hypoxia (pTH6-1): n=15, biological replicates, median
with interquartile, *p < 0.012 comparison to control. Kruskal Wallis analysis of variance (ANOVA)).
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Figure 2.19| Growth kinetics of engineered and control bacteria strains in various pH level®acteria
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constitutively expressing asd(d) were grown with initial seeding density of 10° CFU/mL in media ranging
from pH 6 to 7. All strains were grown in plate reader to record growth dynamics. (n=3, biological
replicates, mean = S.E.M.) e, Maximum growth rate of each strain in pH ranging from 6-7.
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Figure 2.20| pH measurement along the small intestine tracEx vivopH measurement at 5 regions of
small intestine starting from the upper tract near stomach to the lower tract near caecum (n=3, biological
replicates, mean +SD).
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Figure 2.21| pTC012 and pTCO085cell viability. a, Percentage of live cells after growing bacterial in pH
6 (n=3, biological replicates, mean + S.E.M., paired t -test). b, Representative image of pTC085 cells after
growing in pH 6 ( SYTO 9 stain live cells : green; propidium iodide stain dead cells : red).
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Figure 2.22| Computational simulation of engineered bacteria distribution along the gastrointestinal
tract. a, CFU measurements were experimentally measured at 5 sections of the gut (S1, S2, C, L1 and L2)
from a mouse colonized with control strain (Nislux). Computational modeling of the hypoxia (b) and pH
(c) containment strain were used to simulate CFU levels at each segment of the gut. Nislux CFU of each
gut compartment was set as the carrying capacity for computational simulation (ie. Nmax at L1 = 10%°, as
shown in a). Since increasing concentration of essential gene products resulted in faster cellular growth
(Fig. S4d), hypoxic strain growth rate was set proportional to the product of essential gene expression in
our simulation. For the pH containment strain, growth rate was set in proportion to pH as we observed from
our experimental data (Fig. S13e). To recapitulate our experimental data in vivo, we also considered the
escapee rate in non-permissive conditions and applied a 2" population of competing bacteria using a
logistical model that leads to growth in lower gut compartments. d, (top) Input pH was obtained from
average of measured pH data along the gut and (bottom) input oxygen was found in literature
(Supplementary Table 1, S16). e, CFU along the gut for Nislux, pH and hypoxia were each divided by their
S1 CFU value to visualize bacterial distribution along the gut.

2.3.6 Combined Hypoxialactate containment strain improves tumor specificity
Aside from modulation of bacterial growth in the healthy gastrointestinal tract, we next

tested whether multiplexed containment circuits can enhance specificity in diseased sites such as

tumors. In this context, bacteria such as S. typhimuriunhave been commonly studied as a cancer
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therapy due to their increased growth in tumor environments (221). While S. typhimuriuntas been
reported to colonize tumors, it can also reach and survive in the liver and spleen (78, 95, 96, 22p
suggesting the need to improve safety by reducing off-target bacterial load. We sought to improve
upon the natural tropism of S. typhimuriunfor tumors by integrating multiple unique metabolic
signatures from the tumor microenvironment such as hypoxia, high lactate and low pH levels (163,
172, 173, 21p(Table 2.1).

We first employed a recently designed three-dimensional bacteria spheroid co-culture
system (BSCC) that recapitulates properties of the tumor microenvironment including oxygen and
nutrient gradients, mammalian cell metabolism, and local 3D growth of the bacterial population in
tumors (113 (Fig. 2.23). Attenuated S. typhimuriunELH1301 was transformed with biosensor
plasmids (Fig. 2.24) and co-cultured with the tumor spheroid system. Once in the spheroid core,
we observed an increase in the total fluorescence signal from bacteria carrying hypoxia, lactate, or
pH biosensors driving GFP (Fig. 2.23,c,d and Fig. 2.25 and Fig. 2.26. We consistently
measured the highest reporter signals in the center of the spheroid, reflecting the expected
biochemical gradients in the spheroid core (113, 223, 22%1 The combined lactate-hypoxia AND
logic gate containment strain showed comparable tumor colonizing capabilities as control strain
(ELH1301) in tumor spheroids (Fig. 2.23). To verify that the containment strain requires
expression of both essential genes, we constructed strains where one biosensor drives a single
essential gene in a double knockout strain (ELH1301 asd glmsg. Upon co-culture, these strains
could not effectively colonize tumor spheroids (Fig. 2.27), indicating that bacteria required both

essential genes to grow.
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Figure 2.23| Multiplexed biosensor achieves enhanced specificity of bacteria tumor colonizatioa,
Engineered bacteria biosensors were co-cultured in tumor spheroids and monitored for biosensor activation.
(Top Representative images of biosensors in tumor spheroids from 3 biological replicates, see
Supplementary Fig.19 for replicates. Black arrows indicate the day image was taken. (Scale bar, 200um).
(Bottorm) Corresponding space-time diagram demonstrating radially averaged fluorescence intensity of
lactate (pTC1908) (b), pH (pTCO037) (c) and hypoxia (pPepT) (d) biosensors. The white boundary indicates
the edge of the spheroid. e, Recovered colony counts of control strain S. typhimuriunELH1301, ELH1301
DasdDglmsand hypoxia-lactate circuit tested in tumor spheroid technology. All strains were co-cultured
in spheroids for 6 days followed by homogenizing the spheroid and plating them on LB agar plates. (n=3,
biological replicates, mean °© S.E.M, LOD 20 CFU). f, BALB/c mice (n=5 per group) were implanted
subcutaneously with 5 x 10° CT26 cells on one hind flank. When tumor volumes were 100-150 mm?, mice
were intravenously administered ELH1301 (control), double knockout (AasdAgimg, lacate-hypoxia circuit
(in (AasdAglms), hypoxic only (Aasd or lactate only (Aasd. After 2 days, tumor, liver and spleen were
homogenized and plated on LB agar plates with supplements. Bacteria colonizing tumor (g) and liver (h)
tissues were quantified and counted after 1 day. (n=>5, biological replicates, mean ° S.E.M, ****p< 0.0001,
***p=0.0002 one-way analysis of variance (ANOV A) with Bonferroni’s multiple comparisons test, tumor
and spleen LOD 102 CFU/g, liver LOD 102 CFU/qg). i, tumor:liver ratio of bacterial CFU/g was calculated
from recovered CFU from extracted organs. (n=5, biological replicates, mean®S.E.M, ****p<0.0001 one-
way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test, tumor LOD 10° CFU/g,
liver LOD 102 CFU/qg).
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Figure 2.24 Biosensor circuit function in E. coli Nissle 1917 andsalmonella typhimuriumELH1301.
Biosensors (pPepT, pTC1908 and pTCO037) were transformed and characterized in Salmonella
TyphimuriumELH1301 strain. Bacteria were grown in a specified environment for 16 hours, followed by
fluorescence assay. Fold change calculated from GFP of induced (0% oxygen, 10mM lactate and pH 5.8)
over GFP of un-induced condition (20% oxygen, OmM lactate and neutral pH).
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Figure 2.25| S. typhimuriumcoculture in CT26 tumor spheroids. atime series images of spheroids
cocultured with S. typhimuriumcarrying plasmid expressing constitutive GFP (scale bar=200um). b,
Average GFP fluorescence signal from spheroids over 9 days (n=3, biological replicates, mean ° S.E.M). c,
Image analysis of over time with GFP signal distributed spatially within a spheroid.
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Figure 2.26 |Replicates of biosensoin vitro characterization in CT26 tumor spheroids.Replicates of
tumor spheroids colonized by (a) lactate (b) pH and (c) hypoxia biosensor bacterial strains where promoter
activation was measured by automated spatiotemporal image analysis (top). Average florescence signal of
each biosensor colonized spheroids was also tracked over 8-14 days (n=3, biological replicates, mean
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Figure 2.27| Characterization of the containment circuit in CT26 tumor spheroids.S. typhimurium
ELH1301 lacking essential genes (Dasd/Dglms)was transformed with lactate-hypoxia circuit driving both
asd and glmsgenes, hypoxia circuit driving asd gene only, and lactate circuit driving glms gene only.

63



Bacteria were cocultured with tumor spheroids for 6 days, followed by dissociation of tumor spheroids and
plating on agar plates for CFU enumeration (n=4, biological replicates, mean°S.E.M, LOD 20 CFU).

We next intravenously injected our tumor containment strain (ELH1301 asd glmswith
lactate-hypoxia AND gate) in a subcutaneous syngeneic mouse tumor model (Fig. 2.23%). To
measure improvement in tumor localization by the containment strain, we administered a positive
control (ELH1301 with no circuit) and negative control (ELH1301 asd glmg strains that set
the maximum and minimum bacterial load we can expect from the organs upon systemic delivery,
respectively. Organs and tumors were harvested and homogenized to assess bacterial colonization
2 days post-injection by CFU enumeration. As expected, we observed that lactate-hypoxia AND
gate containment strain was able to colonize tumors to the similar level of the control strain (Fig.
2.233). These results suggest that the containment strain was able grow in the tumor environment
that provides permissive lactate and oxygen levels. In comparison, the recovered CFU of the
containment strain was lowered in the spleen and liver compared to 104-10° CFU/g bacterial load
of the control strain (Fig. 2.2 and Fig. 2.28a). Since the double knock out ( asd glmg
negative control strain was found to be at similar levels as the containment strain in the spleen and
liver, we reasoned that the non-tumor environment was unable to induce essential gene expression
and permit growth. Based on these results, we conclude that multiplexed bacteria decreased off-
target colonization in the spleen and liver with a demonstrated increase in tumor-targeting
specificity (Fig. 2.23 and Fig. 2280). Lastly, we showed that the AND gate strain exhibits a
tumor/liver ratio significantly higher than the hypoxia-only and lactate-only circuit strains,
demonstrating increased tumor specificity with multiplexing containment circuits in vivo (Fig.

2.233,h,)).
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Figure 2.28 | Absolute CFU counts recovered from spleen and tumor:spleen ratio., &acteria
colonizing spleen tissues were quantified and counted after plating on LB agar plates with
supplements(****p<  0.0001one-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparisons test, n=5, biological replicates, mean ° S.E.M, spleen LOD 102 CFU/g). b, Tumor:spleen ratio
of bacterial CFU/g was calculated from extracted organs (****p < 0.0001 one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparisons test, N=5, biological replicates, mean®S.E.M).

To test whether observed differences in bacterial growth were dependent on environmental
signatures in situ, we grew engineered bacteria in extracted organs ex vivo (tumor, liver, and
spleen). No bacterial growth was observed in any homogenized organs that no longer possessed
native physiological environments that were permissive for growth (20% oxygen, <1 mM lactate)
(Fig. 2.29). In contrast, we observed significant increase in bacterial number when we modulated
these conditions for activation by spiking in 10 mM lactate and incubating at 0% oxygen conditions
(Fig. 2.29). Similar levels of bacterial growth were observed when rescued with essential
supplements (DAP and D-glucosamine). These results indicate that the in vivo growth tropism of

the engineered bacteria was independent of organ types and was primarily driven by the local

hypoxia and lactate levels.
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Figure 2.29 | Ex vivo characterization of lactate hypoxia AND gate strain10* CFU engineered strain
was cultured for 24 hours in homogenized tissue only (non-permissive), homogenized tissue with 10mM
lactate and 0% oxygen (permissive) or homogenized tissue with supplements (rescue), and plated on agar
plates. Colonies were counted after 16 hours (n=3, biological replicates, mean® S.E.M, LOD 20 CFU/qg).

2.4 Discussion

Our engineered system demonstrates a proof-of-concept that bacteria growth distributions
can be enhanced towards conditions of the mouse gastrointestinal tract and tumors harboring
distinct environmental signatures. By tuning and multiplexing biosensors responsive to
physiological cues to construct biocontainment circuits, we demonstrated enhanced tropism of
microbial growth.

One critical design of our biocontainment circuit is the coupling of bacterial growth with
environmentally-responsive promoters. While inducible promoters have been used widely to
highly express genes of interest with low basal expression, many native promoters possess
relatively low dynamic ranges (225227). This presents a challenge for in vivo microbial

applications since insufficient or high basal expression of diagnostic or therapeutic payloads leads
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to lack of efficacy and safety. In this study, we coupled engineered promoter-biosensor machinery
with bacterial growth via expression of essential genes to address this limitation. Because of the
low gene expression needed for essential genes, minimal promoter activity was sufficient to allow
bacterial growth at specified environmental conditions. We observed that coupled with the signal
amplification through replication successfully achieved >1000-fold differences in bacterial
number using three independent biosensors. In terms of specificity, the ideal promoter would
possess threshold-like activation in the desired environmental condition compared to a control.
However, most natural and engineered promoters display a more graded response, as we observed
in our biosensor variants. Nonetheless, amplification of the promoter signal through coupling to
essential genes produces an improved profile due to the non-linear amplification of exponential
growth.

While the amplification through a single biosensor-growth coupling results in condition-
specific growth, we ultimately see that single sensors could be combined with others to improve
escapee rate, leading to more precise organotropism. For example, although in vitro data supports
preferential growth of pH containment strains at levels found in small intestine (S) compared to
the cecum (C) and large intestine (L), the escapee rate of this single strain is near 102, implying
that the strain will produce escapees at a significant frequency, which could then lose pH
dependence and grow in unwanted regions. We therefore engineered the system to incorporate
multiple biosensors and containment circuits to further enhance tropism. By using orthogonal
biosensor-essential gene pairs, bacterial growth can be regulated with multiple environmental
signatures in an AND logic gate manner. This is particularly important for systemic bacterial
delivery where microbes have access to multiple organs and can induce severe toxicity upon off-

target colonization. As a proof-of-concept, we showed an improvement in bacterial tumor
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specificity by multiplexing oxygen and lactate biosensors. Although similar oxygen or lactate
conditions can individually be found in other organs, the use of two environmental signatures
increased the specificity to the tumor, resulting in reduction in off-target colonization. Utilizing a
computational model, we demonstrated that coupling of multiple biosensors can indeed lead to
improved tropism in relevant physiological range. Additionally, this model allows for future
predictions as to the expected tropism enhancements and generalizability of multiplexed
containment circuit designs.

Looking forward, the approach described here can enable future precision targeting of
specific physiological regions. For example, we envision the use of the multiplexed biosensors to
control the expression of therapeutic payloads to enhance efficacy and avoid off-target toxicity.
More precise activation using multiplexed biosensors can be used to differentiate
microenvironment of various tumor types, potentiating the use of bacteria as precision diagnostic
devices (228, 229. In addition, we propose generalizing this approach to other bacterial species
and targeting other organs for biomedical research and translation to human disease. As translation
of engineered microbes for various technological applications continues, robust and precise
engineering of bacterial localization to desired environments will provide a useful method to

improve biocontainment and safety to target specific sites for local delivery of treatment options.
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Chapter 3: Engineered bacterial production of volatile methyl

salicylate

3.1 Background

Bacteria naturally produce volatile secondary metabolites that interact with other species
and their surrounding environment during stages of biofilm formation, stress resistance, or
virulence promotion(230-233). With advances in metabolic engineering and synthetic biology
techniques, microbes have been engineered as cellular factories for biomolecule production that
gave rise to an array of synthetic products ranging from artificial flavoring to therapeutics(234
241). Due to bacteria’s ability to specifically colonize certain regions of the body, such as the
gastrointestinal tract and tumors(30, 144, 211242, 243, they possess the capabilities for local
production of diagnostic molecules with minimal systemic exposure. Indeed, natural bacterial
volatile compounds have been used commonly in clinical settings for detecting dysbiotic or
malignant disease(244-250). Given their ability to synthesize volatile compounds and the existing
infrastructure for detection of bacteria volatiles, we sought to engineer bacteria to produce methyl

salicylate, for subsequent use as a diagnostic biomarker or other applications.

3.2 Methods

3.2.1 Host strain and culturing.

E coli Mach 1strain is purchased from Thermos Fisher Scientific. All bacteria were cultured in
LB media (Lennox) with respective antibiotic selection (100pg ml* ampicillin) in shaking
incubator operating at 200 rpm and 37 °C for 12-16 hours overnight until ODsoo of 2-2.8. All

bacterial cultures were ODeoo matched to 2.0, followed by spinning down at 3000 rcf for 5 minutes
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in centrifuge to collect cell pellet and media supernatant. Samples were then stored in -80 °C prior

to LC/GC-MS.

3.2.2 Plasmid construction.
PchB, PchAand BSMT 1were obtained by PCR from template plasmid iGEM part BBa_J45700.
Codon optimized BSMT 1was generated by Codon Optimization Tool by IDT and also synthesized

through IDT. All plasmids are constructed using Gibson assembly.

3.2.3 Metabolite extraction.

Methyl salicylate and salicylic acid were extracted from media samples and cell pellets in a 4°C
cold room as follows. For media samples, 200puL of sample was diluted with 800 puL of acetonitrile
to precipitate proteins and extract methyl salicylate. For cell pellets, the sample representing the
cells from 1 mL of culture was extracted in 1 mL of 80% acetonitrile with mechanical bead lysis.
Specifically, samples were collected in 2.0 mL screw cap vials containing ~100 pL of disruption
beads (Research Products International, Mount Prospect, IL). Each was homogenized for 10 cycles
on a bead blaster homogenizer (Benchmark Scientific, Edison, NJ). Cycling consisted of a 30 sec
homogenization time at 6 m/s followed by a 30 sec pause. For both media and cell pellets, the
resulting extracts were then centrifuged at 21,000 x g for 3 min and the resulting supernatant was

transferred to glass inserts for either LC-MS/MS or GC-MS analysis. For

3.2.4 Liquid Chromatography — Tandem Mass Spectrometry.

Salicylic acid and Methyl salicylate were detected by a two-segment polarity switching targeted

LCMS method. The LC colmn was a Waters™ BEH C18 (1.0 x 50 mm, 1.7 um) coupled to a
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Dionex Ultimate 3000™ system and the column oven temperature was set to 25°C throughout the
5 min isocratic (50%B) method. A flow rate of 100 pL/min was used with the following buffers;
A) 0.1% formic acid in water, and B) 0.1% formic acid in acetonitrile. Injection volume was set to
1 uL for all analyses. The LC output was coupled to a Thermo Q Exactive HF™ mass spectrometer
operating in heated electrospray ionization mode (HESI). Data duration was 5 min with two PRM
segments: negative mode from 0 - 1.8 min for salicylic acid, and positive mode from 1.8 - 5 min
for methyl salicylate. Spray voltage for both positive and negative modes was 3.5kV respectively
and capillary temperature was set to 320°C with a sheath gas rate of 35, aux gas of 10, and max
spray current of 100 pA. Each targeted PRM utilized 15,000 resolution for high frequency
sampling with an AGC target of 3e6 and a maximum IT of 500 ms, fixed first mass of 50 m/z,
isolation window of 0.4 m/z, and fixed HCD energy (nCE) of 35. All data were acquired in profile
mode and peak heights were detected with a custom Thermo Quan browser method developed

with authentic standards.

3.2.5 Gas Chromatography- Mass Spectrometry.

Methyl salicylate was detected using a split injection method on a Thermo™ TRACE 1310 gas
chromatograph with a split ratio of 25 and an injection volume of 1 pLL where the split flow was
25.0 mL/min for all samples and standards. A constant temperature of 250°C was used for the
injector in combination with a Topaz low pressure drop precision liner with wool (Restek™). The
carrier gas was helium at a constant flow of 1.0 mL/min with a Thermo™ TG-WAXMS A column
(30m x 0.25mm). The thermal gradient profile was as follows; equilibration of 2 min followed by
a 1 min hold at 100°C, then a ramp from 100 to 145°C at 20°C/min followed by a 4 min hold at

145°C, then a ramp from 145 to 165°C at 15°C/min followed by a 3 min hold at 165°C. Analyses

71



were carried out by coupling the GC system to a Thermo Q Exactive™ mass spectrometer
operating in electron ionization (El) positive mode at 70KeV. Method duration was 15 min. An
MS1 scan range from 32-350 m/z was used at a resolution of 120,000 with an AGC target of 1e6
and a maximum IT of 100 ms. All data were acquired in profile mode and tracked the 120.0206
m/z (theoretical) characteristic EI fragment of Methyl salicylate representing the [C7H402]*
moiety (loss of methoxy group). The parent ion at 152.0458 nmvz (theoretical) was also tracked as

a confirmation ion [CBH803]".
3.3 Results

3.3.1 Construction of methyl salicylate circuit and initialstrain characterization
Methyl salicylate, commonly known as wintergreen oil, is naturally produced by plants
upon stress induction(251, 252. It is a nontoxic, widely used molecule in a variety of food
industries and is well-tolerated via inhalation and can be detected sensitively via gas
chromatography coupled to mass spectrometry. Additionally, no precursors of the methyl
salicylate biosynthesis pathway are found in mammalian cells, which reduces the possibility of
false positive signals in the context of a diagnostic molecule for human disease(253). To engineer
bacteria to synthesize the volatile methyl salicylate diagnostic marker, we utilized the pchDCBA
operon and BSMT1gene in the genetic circuit. The pchDCBAoperon is found in Pseudomonas
aeruginosagenome that encodes for salicylate, an iron chelator of metal ions(254, 259.
Specifically, PchAand PchBencodes for isochorismate synthase and Isochorismate pyruvate-lyase
respectively in which coverts precursor chorismate to intermediate salicylate (Fig. 3.1).
Chorismate is derived from fructose in the growth media which can be metabolized by

bacteria(256). On the other hand, BSMT1is found in petunia x hybrida flower plant(257-259).
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The gene encodes for methyltransferase that adds a methyl group to salicylate, forming the final

product methyl salicylate (Fig. 3.1).
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Figure 3.1 | Schematic of design, build, test for engineering methyl salicylate producing bacteri@ihe
methyl salicylate genetic circuit in E. coli utilizes the enzymes (PchA and PchB) first convert precursor
chorismate to intermediate salicylate. Specifically, Isochorismate Synthase, product of PchA gene,
catalyzes the conversion of chorismate to isochorismate. The PchB gene, which expresses the Isochorismate
pyruvate-lyase, converts isochorismate to pyruvate and salicylate. The genetic circuit is completed with
methyltransferase (BSMT1), which methylates salicylate to make the volatile ester methyl salicylate as the
end product(260). We then culture the bacteria strains and quantify volatile compound production by mass-
spectroscopy. Since, BSMT1 gene is taken from the plant Petunia x hybrigdwe codon-optimized it for our
second iteration of optimization and repeated our quantification method.
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We constructed two variants, pTC002 with the BSMT 1gene and pTC003 with PchA, PchB
and BSMT1genes, both regulated by the Prac constitutive promoter (Fig. 3.2). We built these
systems to explore whether a specific step in the biosynthetic pathway is the limiting reagent or
critical factor to maximize methyl salicylate production. These plasmids were subsequently
transformed in E. coli Machlstrain, a common lab strain that is widely used and easy to culture
with rapid growth. Prior to sample characterization, we obtained standard curves of both salicylate
and methyl salicylate (Fig. 3.3). Using liquid chromatography mass spectrometry (LC-MS), we
were able to distinguish between salicylate and methyl salicylate (Fig. 3.4), which was not feasible
by using ferric chloride colorimetric assay due to the overlapping chemical structure of the two
molecules (261). To characterize methyl salicylate production, we collected the supernatant and
cell pellet of the different strains to perform mass spectrometry. As expected pTC003 produced an
increased amount of both salicylate and methyl salicylate compared to pTC002, yielding methyl
salicylate concentrations around 400nM (Fig. 3.2). Interestingly, we observed more than 4-fold
difference of salicylic acid in the cell pellet compared to the supernatant. We hypothesized that
since salicylic acid is not volatile, it does not transport outside of the bacterial cell wall, therefore

explaining the accumulation of salicylic acid found in the cell pellet(252).
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Figure 3.2 Circuit design and initial characterization. Circuit design of pTC002 and pTCO003 (top),
overnight supernatant and cell pellet of bacteria strains along with negative control, E. coli strain with no
engineered plasmid, collected and measured using LC-MS. Interpolated concentrations of SA or MS in
experimental samples according to calibration curves. Concentrations represent the calculated levels of SA
and MS in the media supernatant and cell pellet as labeled. ND=Not Detected.
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Figure 3.3 |Targeted LC-MS/MS Quantification of Salicylic Acid (SA) and Methyl Salicylate (MS).
Calibration curves for SA and MS using authentic standards. Certified reference materials (Pharmaceutical
Secondary Standards) were used to characterize both SA and MS by direct infusion prior to LC-MS/MS
detection. The lowest calibrant was 100 nM for each standard (5 femtomoles on column), with each
calibrant run in technical duplicate. Error bars may appear smaller than symbols.
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Figure 3.4 |Identification of each compound in the experimental samples was based on accurate mass
(3 ppm) and byMS/MS spectral match to the authentic standardQuantification was based on the PRM
(e.g., 137.0233 — 93.0335 m/z for salicylate) for each compound with a mass tolerance of 3 ppm for the
product ion. Colored segments of the chemical structure represent the atoms present in the MS/MS fragment
detected in the PRM for each compound. Neutral chemical structures are shown for simplicity.
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3.3.2 Methyl salicylate circuit optimization to increase metabolite production

We verified bacterial production of methyl salicylate by performing LC-MS on the
collected bacterial supernatant and cell pellets. In order to increase the production, we tuned the
ribosomal binding site (RBS) strength to amplify transcription of the methyl salicylate cassette. In
addition, since the methyl transferase gene (BSMT1)is taken from plants and preferential usage of
particular codons varies by organism, we codon optimized the gene for bacteria in order to improve
the translation efficiency of the gene, this new construct is named pTCO035. Lastly, since methyl
salicylate is a volatile compound, we measured the collected supernatant using gas
chromatography mass spectrometry (GC-MS). By utilizing GC-MS and focusing on methyl
salicylate in the gaseous state, we gained ~500X sensitivity, therefore we did not quantify the non-
volatile salicylate. As predicted, optimized genetic circuit pTC035 produced roughly 2-fold more
than non-codon optimized version pTC003 in cell supernatant (Fig 3.5). Our results confirm that
pTCO035 bacteria strain produces more methyl salicylate than not optimized construct pTC003 (Fig

3.5 and we, using GS-MS, again validated bacterial production of methyl salicylate (Fig 3.6).
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Figure 3.5| Using GC-MS, pTCO035 produced 2 fold moremethyl salicylate compared tqpTCO003.
Supernatant of bacteria culture strain grown for 12-16 hours were collected after OD matched between
the different strains. The amount of methyl salicylate were than quantified using GC-MS.
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Figure 36 | Confirmation of Methyl Salicylate by GC-MS. Top chromatogram — Extracted ion
chromatogram showing the characteristic retention time for methyl salicylate in an authentic standard.
Bottom chromatogram — detected peak in pTC035 media supernatant. Top spectrum — MS1 spectrum of
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the authentic standard peak, showing the intact ion at 152 m/z and the characteristic fragment used for
quantification at 120 m/z. Bottom spectrum — MS1 spectrum of the pTCO035 peak, background subtraction
has been used to highlight the methyl salicylate fragments matching the standard.

3.3.3 Addition of precursor increased methyl salicylate production

We next explored adding salicylic acid in the growing bacterial culture as precursor in
order to eliminate the possible rate limiting factor and show a proof on concept for boosting
production in future in vivowork. We added 1 mM of salicylic acid into bacterial cultures and first
investigated whether it effected the growth rate or the viability of the cells (Figure 3.73). After 12
hours or culturing, we noticed no difference between growth and concluded that 1 mM of salicylic
acid did not impede cellular growth. We then grew the strains overnight and collected supernatant
for quantification. These extracts were analyzed by GC-MS and quantified by standard curve
interpolation (Figure 3.8). We found superior production from cultures with salicylic acid
supplement compared with the same strain without, verifying our hypothesis that addition of
precursor will increase our engineered metabolite production. Media supernatant from positive
control pTC003 with salicylic acid was also detected but below the quantification threshold

(Figure 3.7D).
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Figure 3.7 | Quantification of methyl salicylate after addition of precursor (A) Growth curves of
bacteria in LB supplemented with £ 1mM salicylic acid across different strains (n=3, meantS.E.M). (B)
measurement of methyl salicylate concentration from bacteria supernatant. Under stricter regiment, only
pTC035 with 1mM salicylic acid precursor added produced detectable amount. The limit of quantification
(LOQ) is defined as three times the average of the analytical blanks plus a constant of 10,000 (arbitrary MS
intensity units).
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Figure 3.8 |Methyl Salicylate GC-MS standard curve A linear regression was used to fit the standard
curve, with a fixed origin through 0,0. The resulting slope was 55273 MS Intensity/nM Methyl Salicylate.
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3.4 Discussion

Our proof of concept shown here demonstrates engineered bacterial production of methyl
salicylate in vitro. We were able to verify methyl salicylate production using both LC-MS and GC-
MS. In addition to characterization, we increased production of the gaseous compound by utilizing
a stronger RBS, codon optimizing the plant derived methyl transferase gene and supplementing
with the pathway precursor, salicylic acid. Salicylate, hydrolyzed from salicylic acid, is an
ingredient in common off the shelf pain killer aspirin and in cosmetic products, and is therefore
regulated, safe and well characterized as a precursor (262-265). Further optimization of the
production yield may include computational or experimental metabolic analysis to identify
limiting factors of the pathway, or enhancing enzymes function via directed evolution(266). In the
future, this system can be used as bacterially produced, volatile biomarker for translational

diagnostics or other applications.
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Chapter 4: Conclusionand Future Directions

4.1 Conclusion

In conclusion, this dissertation demonstrated the development of complex genetic circuits
to govern bacteria behavior for therapeutic application. In chapter 1, we briefly introduced the rise
of synthetic biology, different genetic circuit applications and programmed bacteria for cancer
therapy.

In chapter 2, we demonstrated programmed bacteria for enhanced tropism in vivo. To do
so, we first engineered bacteria as biosensors that are sensitive to physiological relevant conditions,
such as oxygen, pH and lactate concentration. By characterizing different oxygen-sensitive
promoters and tuning origin of replication on lactate and pH genetic circuits, we were able to build
bacterial biosensors that activate gene expression under hypoxia, high lactate concentration ( >
10mM) and pH of 5.8-7 conditions. We then coupled biosensors promoters to govern essential
gene expression, allowing bacteria to grow only under certain environmental cues. Since low
amount of essential gene expression is sufficient for bacterial growth, we furthered fine-tuned the
coupled genetic circuit to prevent unwanted growth and achieved low escapee rate.

Using pH and oxygen sensors, we demonstrate preferential growth in physiologically-
relevant acidic and oxygen conditions in gut mimicking in vitro conditions. Specifically, we saw
pH and hypoxic biosensors grow in simulated small intestine (normoxic, pH 6.3) and large
intestine (hypoxic, pH 7) conditions, respectively. Upon oral delivery in mice, these engineered
strains lowered bacteria numbers outside of the host. However, we did not see preferential
colonization of the engineered strain along the gastrointestinal track, potentially due to the high
escapee rate of single containment circuit (10-2). This therefore inspired us to combine more than

one biosensors to increase colonization specificity. As a proof-of-concept, we showed an
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improvement in bacterial tumor specificity by multiplexing oxygen and lactate biosensors.
Although similar oxygen or lactate conditions can individually be found in other organs, the use
of two environmental signatures increased the specificity to the tumor, resulting in reduction in
off-target colonization when compared to non-engineered bacteria strain.

In chapter 3, we moved towards engineering bacteria to produce a diagnostic molecule —
methyl salicylate, commonly known as wintergreen, that is not naturally found in mammalian
host. Incorporating genes endogenous to plants, we optimized the production of methyl salicylate
in E.coli by tuning ribosomal binding site (RBS) and codon optimized the gene. We subsequently
characterized the methyl salicylate producing-genetic circuit using liquid and gas chromatography
(LC/GC-MS) mass spectrometry. In conclusion, we were able to program bacteria to produce
methyl salicylate in the nM scale that is detectable above negative control background.
4.2 Future Directions

Here we discuss current efforts building on top of the research described in the previous

chapters.

4.2.1. Moving towards clinical research

The immediate current efforts aims to adapt technology described in chapter 2 towards
clinical translation research. This includes adapting S. Typhimuriungenetic circuits to a safe
probiotic strain E. coli Nissle 1917. Although many clinical trials utilize attenuated S.
Typhimuriurrstrains in their studies (267, 268, E. coli Nissleis a common probiotic that could be
purchased off-the shelf, making it a natural and safe candidate for bacteria-based medicine. Aside
from the strain choice, plasmid stability is also an important part of translational studies that will
determine the efficacy of delivered bacteria. In particular, the genetic circuits that govern bacteria

behavior should be persistent in the cells to sustain programmed function.
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The system described in chapter 2 is a stabilized system since the genetic circuits include
essential genes where bacteria will not be able to survive and propagate if plasmid was lost. It has
an escapee rate of 10, which is below NIH regulation of escapee frequency for genetically
engineered microorganism (269). Alternatively, gene integration of whole circuit to the bacterial
genome ensures permanent presence of circuits in bacteria, therefore current efforts include
integrating the multiplexed genetic circuit design to the bacterial genome.

Beyond transforming the technology for clinical research, we envision the use of the
multiplexed biosensors to control the expression of therapeutic payloads to enhance efficacy and
avoid off-target toxicity. More precise activation using multiplexed biosensors can be used to
differentiate microenvironment of various tumor types, potentiating the use of bacteria as precision
diagnostic devices (228, 229. In addition, we propose to combine different biosensors for

targeting of other organs for biomedical research.

4.2.2 Salicylate producing strain for cancer diagnostic

The immediate future work for research done in chapter 3 is to apply this engineered strain
to in vivomodel to serve as a diagnostic molecule for cancer detection. Since salicylate, a precursor
of the methyl salicylate, and part of the genetic circuit described in chapter 3 has anticancer
properties (270, 27), we sought to use salicylate itself as a diagnostic molecule.

We envision this technology to serve as a noninvasive agent for detection of cancer in
urine. To demonstrate this, we utilized the Apc™"™ genetic mouse model that are predisposed to
intestinal adenoma formation (Fig. 4.19 (272). We previously demonstrated bacteria colonization
in polyps spontaneously formed in the intestine after oral administration of the probiotic strain E.
coli Nissle Since the probiotic strain has a luminescent reporter, we were able to visually track

bacterial colonization over 7 weeks (Fig. 4.1b). Upon administration of the engineered salicylate-
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producing strain, we were able to detect salicylate from mice with tumors in collected urine

samples (Fig. 4.1¢). This work is still in progress and will result in publication upon completion.
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Figure 4.1: Salicylate producing strain for cancer diagnostic demonstrated iPC™"* model
(a) Schematic of spontaneous intestinal adenomas in APC™"* model. (b) 15-17 week old APC™"* mice
were gavaged twice, 3-4 days apart, with E coli Nissle1917 with luminescence cassette (EcN-lux) and
imaged using an IVIS for bioluminescence in vivo at 96h post dosing. After 7 weeks, mice were sacrificed,
intestinal tissue was excised and ex vivo imaged for bioluminescence. Red arrows point to macroadenomas
on distal intestinal tissue. Gut tissue were swiss-rolled, paraffin embedded, sectioned, stained with
hemotoxin and eosin and quantified for tumor area to determine. (c) 15-17 week old APC™"* were dosed
with 10° E coli Nissle1917 salicylate producing strain (EcN-SA) and urine was collected 24hr after dosing.
LC-MS of salicylate molecules in urine of wild-type (WT) and APC™"* mice.
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Appendix A : Design and engineer therapeutic switches to resonate
with adaptive immunotherapy response.

A.1 Background

In recent years, cancer immunotherapy has demonstrated unparalleled clinical
success(273. By enhancing priming of tumor-specific T cells or reactivating those that have
become nonfunctional(273275, current immunotherapeutic strategies direct a patient’s
endogenous T cell repertoire to attack tumors based on its unique antigenic features — mutated-
self, tumor-specific antigens (TSA) known as “neoantigens”(276-278). Despite overall efficacy,
recent clinical trials reveal the limitations of current approaches: (1) systemic delivery of
immunomodulatory antibodies and cytokines produce diverse and unpredictable immune-related
adverse events (IRAE)(279), (2) checkpoint block-ade relies on pre-primed antitumor T cell
clones, which in the case of highly immunosuppressive tumors, or those with a low mutational
burden, may be extremely rare(280), and (3) combination immunotherapies exhibit additive
autoimmune toxicity(281). To circumvent these complications, contemporary strategies focus on
delivering immunostimulants directly into the core of a growing tumor —locally priming antitumor
T cells to systemically attack disseminated metastases that share a similar antigenic profile; a
scenario known as the ‘abscopal effect’ (282, 283.

Optimizing the timing of immunotherapies can have significant advantages in cancer
therapy. For instance, recent evidence suggests that the order and timing of PD-1/PD-L1 blockade
with respect to OX40 or CTLA-4 antibodies is essential for increasing efficacy(284, 289. The
rationale behind this sequential delivery approach is to time events such as regulatory T cell
depletion or windows of increased antigen presentation with delivery of correlated
therapeutics(285, 286. Thus, this work focuses on the design of genetic circuitry to produce a
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sequential cascade of multiple immunotherapeutics that resonates with the timing of the adaptive

immune response to maximize efficacy and safety.

A.2 Methods

A.2.1 Host strains and culturing

Bacteria strains are purchased from ThermoFisher (C862003). All bacteria were cultured in LB
media (Sigma-Aldrich) with appropriate antibiotic selection (100 pg ml** ampicillin, 50 pg ml*

kanamycin, 25 ug ml* chloramphenicol) at 37 °C.

A.2.2 Plasmids design and construction

Plasmids were constructed using Gibson Assembly or using standard restriction digest and ligation
cloning and transformed into Mach1 competent cells. The bxbl recombinase and GFP gene were
amplified from plasmids purchased from Addgene. To tune the circuit sensitivity, gene copy
numbers (colE1, p15a, or sc101 replication origins), antisense promoters, ribosome binding sites,
and additional reporters were engineered by cloning each segment using synthesized DNA
followed by Gibson Assembly (NEB#E2611) or HiFi Assembly (NEB#E2621). Software used to

design genetic construct include Geneius, Ape gene editor and Snapgene.

A.2.3 Plate reader assay to quantify genetic circuit dynamics

Overnight culture are pelleted and washed with PBS to remove dead cell debris and diluted to final
OD of 0.01, 0.1 and 1 in 96 well plate. Isopropyl R-D-1-thiogalactopyranoside (IPTG) were added
to induce genetic circuit in different wells with final concentration ranging from 0, 5, 10, 50, 100,

to 1000 uM of IPTG. Microplate was then placed in Tecan plate reader for continuous reading of
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OD (absorbance 600mm) and GFP (fluorescence excitation 488 mm/emission 520mm) for every

20 minutes for 24 hours with orbital shaking kinetics (shaking setting with amplitude of 4.5mm).

A.3 Results

The aim of this work is to build a genetic circuits that serves as an automatic switch that
ultimately sequentially deliver different therapeutic proteins. To do so, we utilize phage
recombinases such as Bxb1, PhiC31 or TP901. Phage recombinases target a pair of non-identical
recognition sites commonly labeled as attB and attP, which subsequently invert or excise DNA
depending on the orientation of the recognition sites flanking the DNA of interest (12, 287, 288
Prior to building complex genetic circuits that includes more than lysis or therapeutics, we seek to
first understand the dynamics of the Bxbl recombinase. We went through numeral iteration of
circuit optimization (Table A1) to control Bxb1 regulation under tetracycline or Isopropyl - d-1-

thiogalactopyranoside (IPTG) inducible system.

Table Al List of plasmids used in this study

Identifier Relevant Feature Figure
pTac sfGFP Constitutive expression of GFP Al
pTC086 gfp flanked by Bxb1 attB/attP sites AlA2
pTC087 Tet inducible Bxb1 recombinase, low copy Al
pTC092 Lacl inducible Bxb1 recombinase, middle copy Al
pAN001 Lacl inducible Bxb1 recombinase, low copy A2

We first built simple system where the Bxb1 recombinase is governed by a tetracycline
inducible promoter on low copy origin of replication and a reporter plasmid with green fluorescent
protein (GFP) flanked by Bxb1 recombinase sites, named pTC086 and pTCO087 respectively (Fig.

Ala,). In this genetic circuit design, under tetracycline induction, recombinase will be expressed
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and recombine the GFP to read in 5’ to 3’ direction, allowing protein translation. Additionally, we
included constitutive production of tetR repressor on the same plasmid as the recombinase. After
testing this circuit, we observed no difference in GFP signal between the presence or absence of
inducer, suggesting that inducible system could be too tight, preventing bxb1 recombinase .

We therefore moved forward to the well characterized IPTG inducible system for our
second iteration of circuit design. In addition, suspecting that Bxb1 recombinase is the limiting
factor based on previous experiment, we engineered the pLac inducible recombinase on a p15A
middle copy backbone (Fig. Alb). Opposite to the previous experiments, this circuit demonstrated
GFP production regardless of IPTG concentration (Fig. Alb). This suggests that the current

design of the system may be leaky and not regulated.
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Figure Al. Characterization of tetracycline and IPTG inducible Bxb1l genetic circuit.(a) Positive
control and three variants of pTC86/87 were cultured with or without 1uM of tetracycline. (b) pTC92/87
circuit cultured with 0 to 100 uM of IPTG with starting density of 107. OD®® normalized fluorescent output
was taken in Tecan plate reader after 16 hours of growth (n=3, mean ° S.E.M).

Hitting the extremes ( no GFP signal, only GFP signal), we revisited the IPTG inducible

genetic circuit by reducing the copy number and also changed the constitutive promoter direction
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to be antiparallel to the inducible promoter to prevent unwanted transcription of Bxb1l We first
showed that, as expected, without the Bxb1 circuit (AN001), there is no GFP signal (Fig. A2a).
When both plasmids are co-transformed into our E.coli strain, we see GFP signal when IPTG is
introduced to the culture (Fig. A2b). However, the GFP signal does not increase linearly as the
IPTG concentration, instead consistently we observed lowest GFP signal for highest IPTG

concentration in bacterial starting density of 107 and 108 (Fig. A2b,0).

— IPTG (uM)
. - 0
1000- = 50
+ 100
500 - = 1000

GFPIOD (a.u)
GFPIOD (a.u)

time (hrs)

Figure A2. Characterization of third iteration of genetic circuit. (a) Negative control demonstrates low
normalized GFP signal regardless of IPTG concentration. The data normalization (constant low GFP signal
divided by logarithm growth of bacteria ) resulted in a bell shaped curve. On the other hand, pTC087/AN01
under IPTG induction lead to increase of GFP signal over time with starting density of 107 (b) and 10° (c).

A.4 Discussion

Here we demonstrated a genetic circuit where under IPTG induction of Bxb1 recombinase
subsequently lead to GFP production due to recombination. The first two iterations of genetic
circuit design resulted in no or all fluorescent signal regardless of the inducer concentration,
implying that the first two iteration of genetic circuit, pTC086/87 and pTC92/87 were too tight or
too leaky, respectively. On the third circuit iteration, we were able to successfully induce GFP
production, specifically, we were able to see difference between presence and absence of inducer.
However, the GFP signal did not increase as inducer concentration increase, instead we

consistently observed inverse relationship between inducer and GFP production, excluding
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absence of inducer. We suspect high concentration of IPTG may down regulate the gene
expression as the system doesn’t seem to plateau with lower concentrations of IPTG. We are
currently adding a fluorescent tag to Bxb1 recombinase so we can monitor Bxb1 production and

verify our hypothesis.

A.5 Future direction

The ultimate goal of this work is to engineer bacteria to deliver immune therapeutics in a
sequential manner in order to resonate with the dynamics of adaptive immune system. Building on
previous work done in the Danino lab, we hope to couple the recombinase system described above
with the well established quorum-sensing circuits — synchronized lysis circuit (SLC) to produce
safe periodic release of therapeutics. By tuning the dynamics of SLC and Bxb1 expression, we can
achieve genetic circuits with pre-defined switching times. The schematic of the circuit design can
be found in Fig. A3. In the first iteration (Fig. A3a), a pTac constitutive promoter is driving the
first therapeutic and constitutively expressed as the bacteria colony grows in the tumor. Then, once
the SLC circuit reaches a quorum, Bxb1 is produced which then triggers an inversion and leads to
production of both the second and third therapeutic. In this circuit design, all three therapeutics are
produced after the switching event. In the second design (Fig. A3b), we will place the first
therapeutic within the inversion region, which results in the production of only the second and
third therapeutics after the switching event. In the final design variation (Fig. A3c), the switching
event then produces a phiC31 recombinase(288), which subsequently produces another DNA
inversion that results in a sequential cascade of therapeutics 1, 2, and 3. In each of these designs,
the SLC circuit will continue to oscillate and lyse post-switching event, resulting in release of

therapeutics over time.
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Figure A3. Final design of therapeutic switch circuits. (a)Circuit schematic where a serine
recombinase Bxb1 is driven by the luxl promoter, which also regulates the production of AHL and
lysis gene " X174Ein SLC. When AHL reaches threshold concentration, Bxbl inverts a DNA
sequence flanked by recognition sites, which turns on production of therapeutic 2 (t2) and
therapeutic 3 (t3). Therapeutic 1 (t1) is produced before and after this event constitutively with a
pTac promoter. (b) Circuit design variation that switches off therapeutic 1 when therapeutics 2 and
3 are produced. (c) Circuit design variation where the quorum-sensing event switches on
therapeutic 2 and a second recombinase (phiC31), which subsequently turns on therapeutic 3.

Protein
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Appendix B: Advances in Bacteria Cancer Therapies using

Synthetic Biology

Synthetic biology aims to apply engineering principles to biology by modulating the
behavior of living organisms. An emerging application of this field is the engineering of bacteria
as a cancer therapy by programming of therapeutic, safety, and specificity features through genetic
modification. Here, we review progress in this engineering including the targeting of bacteria to
tumors, specific sensing and response to tumor microenvironments, remote induction methods,
and controllable release of therapeutics. We discuss the most prominent bacteria strains used and
their specific properties, and the types of therapeutics tested thus far. Finally, we note current
challenges such as genetic stability that researchers must address for successful clinical
implementation of this novel therapy in humans.

Introduction

Synthetic biology is a rapidly growing discipline that aims to rationally design the behavior
of living organisms. Much of the field’s focus has been on implementing genetic circuits, in which
inputs are transformed in a cell into digital or analog outputs, in a manner analogous to a computer
program executing an algorithm (14, 289. The field began with construction of the repressilator
and toggle switch circuits in bacteria (290, 29). Shortly after the field’s inception, researchers
envisioned applications to cancer therapies by programming bacteria to sense and respond to a
particular cancer disease state (145). Since then, significant progress has been made in the design
of genetic circuits for behavior, ranging from counting and pattern formation to oscillations and
complex logic operations (18, 289, 292, 293 As advances in engineering bacteria behaviors

emerge, more complex forms of bacteria cancer therapies can be developed.
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Although the application of synthetic biology to cancer therapy is quite new, bacteria have
been explored as cancer treatments for over a century. In 1890, William Coley induced tumor
regression via administration of a cocktail of Streptococcuand other strains collectively known
as "Coley's Toxins" (53). This approach was thought to stimulate or activate the immune system
and is considered one of the early forms of immunotherapy. Later, bacterial strains such as the
obligate anaerobe Clostridium novywere shown to grow selectively in hypoxic regions of solid
tumors (57, 294, 29h Several facultative anaerobic bacterial strains were also demonstrated to
localize and grow in tumors rather than healthy tissue, presumably due to decreased immune
surveillance in the necrotic core of tumors (296, 297. Interest in bacterial cancer therapy waned
in the 20" century because of toxic side-effects resulting from inability to modify and control
bacteria, as well as the advent of radiotherapy and chemotherapy (57). Although these latter
treatments became the mainstays of cancer treatment, more recently their toxicity and lack of
specificity has become limiting, and more targeted approaches have gained traction (298). With
recent advances in cancer research and the newly available tools of synthetic biology, researchers
are beginning to envision engineering bacteria to create potent cancer therapy. Improving upon the
natural ability of bacteria to preferentially colonize tumors and implementing genetic circuitry can
create a precisely controlled and highly specific delivery vehicle. A comprehensive review of
bacterial therapies for cancer is given elsewhere (30). Here, we focus specifically on the
application of synthetic biology in bacteria to engineered bacterial cancer therapies, highlighting

major instances of engineering in the last decade (Figure B1).
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Figure B1: Overview of Engineered Bacterial Cancer Therapeutics. Synthetic biology is
capitalizing on bacteria's natural ability to colonize immunoprivileged, hypoxic core regions of
tumors through escaping from leaky vasculature. A variety of strategies such as targeting, inducing
gene expression, quorum-sensing, expressing and releasing cytotoxics, and intracellular gene
delivery have been engineered to control the behavior of these bacteria and produce anti-tumor
effects.
Engineered bacteria cancer therapies

Traditional approaches to genetic engineering involve limited modification to natural
bacteria functions. The synthetic biology approach utilizes bacteria as a modular platform for
engineering, in which components like genes and promoters can be interchanged and combined to

create nuanced and complex circuits. Here, we highlight several examples of genetic circuits

designed to program bacteria for therapeutic benefits in cancer treatment.

Targeting and Guiding
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One way bacteria can naturally localize to tumors is by entering through the extensive
tumor vasculature. Once inside, they can colonize the necrotic core, an immune-privileged
environment protecting them from immune surveillance by macrophages and neutrophils (30,
297). This natural colonization process has the potential to be augmented by adding targeting or
guiding mechanisms, which can also reduce the possibility of off-target colonization. One
targeting method is engineering bacteria to express tumor homing proteins or peptides on the outer
membrane (Figure B2a). Targeting motifs used so far include affibodies (proteins designed to
bind targets such as upregulated receptors in cancer cells (e.g. HER2)), synthetic adhesion
molecules which mimic immunoglobulin fragments and recognize antigen receptors, and known
tumor-targeting peptides such as RGD (299-301). In a recent example, Pifiero-Lambea et al.
administered bacteria expressing synthetic adhesion molecules termed adhesins to tumor-bearing
mice and observed more efficient tumor colonization than by wild type bacteria. In addition, they
saw reduced off target colonization of the spleen or liver due to the lack of adhesion binding on
those tissues compared to tumor cells. Their work created a modular platform, in which different
synthetic adhesins can be used for targeted localization to a variety of tumors. Another approach
to increase tumor localization is to use external cues to guide bacteria to the tumor site. Felfoul et
al. engineered a strain of magnetotactic bacteria to carry drug-loaded nanoliposomes. After
injection of grafted tumors in mice, bacteria were guided by the application of a magnetic field in
the tumor (302). Whether through engineering targeted or remotely guidable bacteria, enhancing
tumor localization has the potential to improve colonization efficiency and off-target effects and

may have a significant impact on achieving successful clinical use of these therapies.
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A: Targeting B: Tumor Sensing and Logic Gates C: Bacterial Release of Therapeutics D: Remote Inducibility
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Figure B2: Engineered Circuits for Bacterial Cancer Therapy. &) Targeting to tumor cells
can be achieved by expression of tumor-specific peptides on the bacterial outer membrane. (b)
Tumor microenvironments can be sensed specifically by AND logic gates, which expresses an
output such as a therapeutic only if all required inputs or markers of the tumor microenvironment
are present. (¢) In many cases lysis of bacteria must be induced to release therapeutics into the
tumor; one relevant circuit is the synchronized lysis circuit which uses quorum sensing. (d)
Therapeutics or other actions can be driven by inducing promoters through chemical inducers or
radiation.

Tumor sensing and logic circuits

The tumor microenvironment presents several unique chemical and physical signatures that
bacteria can be programmed to sense, in order to limit their action to specific settings (Figure
B2b). For example, groups have engineered bacteria to sense glucose gradients and hypoxia,
known tumor environment cues. To sense glucose gradients, Panteli et al. utilized a previously
established synthetic hybrid receptor, containing the periplasmic domain of the Trg chemotactic
receptor, to induces GFP expression based on glucose concentration (303). The programmed
bacteria sensed glucose concentration gradients over tumor cell masses within a microfluidic
chamber. Their approach can be used to characterize the glucose profiles and metabolic activity
over different tumor types (304). To sense hypoxia, researchers have utilized known oxygen
sensitive promoters, such as the synthetic FF20 or the endogenous promoter pepT, which are
activated by oxygen binding Fumarate and Nitrate Reduction (FNR) regulatory proteins (208).

These promoters were fused to either the production of a therapeutic molecule (for targeted

137



delivery) or the expression of an essential gene such as asd (for containment of bacteria in the
hypoxic tumor area) (95, 183. To find a collection of promoters that respond to tumor conditions,
several groups have sequenced tumor-resident bacteria in mouse models (105, 10§. Leshner et
al. injected S. typhimuriuntontaining a promoter library driving GFP into mouse tumor models.
By sorting and sequencing GFP expressing bacteria, they were able to identify tumor specific
promoters (106). In a follow-up paper, Deyneko et al. then adapted these promoters and
incorporated hypoxia sensing elements to build a synthetic tumor specific hypoxic promoter (305).

Since bacteria can grow to a higher density in tumor environments than in healthy tissue,
quorum (density) sensing can be used as a tumor sensitive switch (Figure A2c) (306-:309. In an
application for cancer, Swofford et al. demonstrated activation of protein expression based on
quorum sensing when bacteria population reached a critical density in mouse tumor models (308,
310). Quorum sensing has been multiplexed with additional input signals as well (306, 307. For
example, Anderson et al. pioneered the use of AND gates for bacterial therapies in this context,
sensing acyl-homoserine lactone (AHL) and Mg+ (307). In the broader context of synthetic
biology, groups have built XOR, NAND, and more complex circuitry to tightly regulate microbial
sensing and computing (14, 24, 289, 311 As knowledge of tumor conditions and biomarkers
improve, and the ability to construct bacterial logic systems increases, bacterial cancer therapies
will be able to utilize these frameworks for elevated safety and specificity.

Remote inducibility

Inducible systems use external cues, allowing for an additional level of control over
production of a therapeutic or genetic circuit of interest. Chemical inducers are commonly used in
vitro to control bacterial promoters. In the context of bacterial cancer therapies, researchers have

used chemical inducers such as L-arabinose, salicylic acid, Isopropyl B-D-1-thiogalactopyranoside
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(IPTG), AHL and tetracycline to remotely activate bacteria resident in tumors (78, 312316).
Chemical induction allows for actuation of dose and timing and requires little genetic modification.
However, due to the unknown structure of tumor vasculature a priori and different tissue
diffusivities of chemical inducers, local inducer concentration is often difficult to estimate and
may result in inaccurate and non-uniform induction of bacteria inside of tumors. Additional
challenges include being able to sustainably induce gene expression over time, although this
challenge could be mitigated by toggle-switch circuits that require a single pulse of inducer (317).

In addition to chemical cues, inducible expression from electromagnetic or light waves has
also been tested in the context of bacterial therapies (Figure B1). For instance, one approach is to
use o-irradiation to indirectly activate the inducible recA bacterial promoter (318-320). The o
irradiation causes DNA damage, which then promotes the degradation of the RecA repressor
LexA. Removal of the repressor LexA allows transcription of downstream genes (Figure B2d)
(318). The advantage of using gamma waves is deep penetration of tumor tissue. However, the
method also induces DNA damage, which can be toxic to nearby healthy cells and possibly
introduce unwanted mutations in bacterial genes encoding therapeutics. Other types of wave
modulation may include utilization of ultrasound waves or optogenetic approaches that control
gene expression with visible light (15, 153, 321 These modes of induction can provide more
exact the spatial and temporal control of microbes, although they may require specialized
instruments or infrastructure for use.

Release of Bacterial Therapeutics

While bacteria can produce a wide variety of therapeutics, an ongoing challenge is the
effective release of therapeutics from bacteria into the microenvironment. One method, lysis of

bacteria has been utilized by expressing specific phage lysis genes or changing culturing conditions

139



(318, 322. Pijkeren et al. administered ampicillin to lyse bacteria and thus release plasmids for
tumor cell uptake (323). Instead of utilizing antibiotics directly for lysis, Chamacho et al. placed
an adapted bacteriophage lambda lysis operon under a tetracycline inducible promoter to better
control cell lysis. In the same bacteria, they also programmed a salicylic acid inducible protein
production cascade to cause accumulation of therapeutics before lysis (324). In addition to
releasing therapeutics, lysis provides two other advantageous properties: (1) release of bacterial
adjuvants that may stimulate immune responses, and (2) pruning of the population growth over
time. Repeated lysis of bacteria can lead to oscillations in population growth. Din et al. engineered
a circuit termed the synchronized lysis circuit (SLC) in which a lysis gene, as well as production
of a therapeutic compound, was regulated by quorum sensing. The growth of SLC bacteria would
trigger rhythmic bacterial death (Figure B2c) (306). The SLC circuit led to reduction in tumor
activity in vitro and in vivo, where it slowed tumor growth while controlling bacterial growth.
Additionally, mice were healthier when treated with the lysis circuit bacteria than from bacteria
with a constitutively produced therapeutic. Dynamic circuits such as these capable of driving
periodic drug delivery may have unique implications, as the timing of drug administration has
recently been shown to be important to therapeutic efficacy and chemoresistance development
(325, 326.

Bacterial secretion is another promising means of therapeutic delivery to tumor
microenvironment (78, 120, 318 Secretion can be achieved by use of a leader signal sequence, a
a short peptide fused to the N-terminus of the protein of interest (78, 327, 328 These leader signal
sequences are analogous to zip codes that traffic the translated protein to the bacterial periplasm
followed by secretion outside of the cell (329. The limitation of secretion methods is that the

amount of protein delivered depends on the secretory pathway, which can be limited to certain
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organisms (e.g. E. colidoes not naturally secrete proteins) (330 . Interestingly, some groups have
demonstrated successful delivery of cargo to tumor sites despite lysis or secretion, presumably due
to basal lysis of bacteria in the tumor microenvironment (118, 331, 33R In addition, mere release
of therapeutics in extracellular space may not be therapeutically effective if the released protein
has an intracellular anti-tumor effect. Utilizing cell-penetrating peptides (CPP), other cell invasion
mediated strategies or type 11, secretion systems to traffic therapeutic cargo into cells are possible
ways to overcome this challenge (145, 333, 33}
Strains and Clinically Relevant Properties of Bacteria in Use

One important consideration for engineered bacterial therapies is the species and strain of
bacteria used. Some of the different bacteria utilized so far include S. typhimurium, E. Coli,
Bifidobacteria lactic acid bacteria such as Streptococcusnd Lactobacillus Listeria, and B.
subtilis Each of these strains has its own unique properties affecting its potential use for cancer
therapy including its tumor colonization ability (Figure B1), ability to invade tissue, interaction
with the immune systems, and ease of genetic manipulation.

Gram Negative Bacteria

Currently, the two most used bacteria for engineered bacterial cancer therapy are S.
typhimuriumand E. coli. Both are Gram-negative bacteria that have been shown to colonize tumors
in mice at high ratios compared to normal tissues (296). As Gram-negative bacteria, they naturally
contain lipopolysaccharide (LPS, a 3-part phosphoglycolipid found in the cell wall), which can be
responsible for immune system stimulation (Figure B1) (335). However, these strains have several
differences affecting their potential use for cancer therapy.

S. typhimurium (Salmonella enterica serovar Typhimuriigrtile most widely studied engineered

bacterial cancer therapy and has been used for a variety of applications, reaching as far as clinical
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trials. As a facultative anaerobe, it can grow in both the hypoxic core of tumors as well as the non-
hypoxic regions. The most prominent strains of S. typhimuriumall genetically attenuated for
safety, are VNP20009 and A1-R, and recently other strains have been investigated such as SL7207
and CRC2631 (336). When administered, VNP20009 and other strains preferentially colonize
tumors over healthy tissues at ratios greater than 1000:1 (298). Interactions of the strain with the
host immune system are also important; it has been shown that Salmonellas capable of recruiting
immune cells such as T-cells, resulting in immune cell/T-cell-mediated tumor Killing (337). While
pathogenic strains like S. typhimuriummust be attenuated (modified) for safe clinical use, such as
the mutation of an LPS gene in VNP20009, these modifications may reduce their clinical efficacy
(335, 338, 33p

E. coli, a model organism extensively studied in synthetic biology, is the next most widely
used bacteria in the field of cancer therapeutics. While it is also a Gram-negative facultative
anaerobe, unlike S. typhimuriumit has non-pathogenic variants naturally found in the human gut
(commensal strains, some of which are probiotics that have a positive effect on health when given)
(340. The ability to make use of these strains without further attenuation and their status as
clinically approved probiotics makes them attractive candidates for use in therapies (341). The
most common probiotic strain in use is E. coli Nissle 1917, but alternative strains have been
explored (316, 34). While E. colihas been used more than S. typhimuriumn the overall field of
synthetic biology, Prindle et al. demonstrated that significant genetic circuits built in E. colicould
be transferred to the more clinically used S. typhimuriumnoting that these two species have similar
ease of engineering as they have fully sequenced genomes, knockout collections, and easily used

tools for genetic manipulation (342).
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Gram Positive Bacteria

Gram-positive bacteria have been explored as cancer therapies, but have been engineered
to a lesser extent than S. typhimuriunand E. coli. Clostridium novywas one of the early strains
shown to have an anticancer effect, and recently attenuated ClostridiumnovytNT has garnered
renewed interest (120, 323, 343, 3440ther Gram-positive bacteria that have been used include
lactic acid bacteria, Bifidobacterig Listeria, and B. subtilis (323, 345347). Bifidobacteriaand
lactobacillushave probiotic strains naturally found in the human gut and are already in use for
other diseases, making them a popular choice for therapeutic delivery (147, 348. While Listeria
has been investigated mostly as a vaccine, some groups have used it as a gene delivery vector for
cancer therapy due to its intracellular life cycle (323, 349, 35 Currently, engineering of Gram-
positive bacteria is limited by the lack of synthetic biology tools available. Streptococcusfor
example, is difficult to transform—a fundamental procedure in synthetic biology (351). B. subtilis
is naturally competent and its full genome has been sequenced, although genetic circuitry has not
been as developed. New tools are being developed for genetic engineering in this species and
others, though much work remains to be done (347, 352354).

Anti-Cancer Therapeutics Delivered by Bacteria

A major consideration in bacteria cancer therapy is the choice of therapeutic. While in
some cases the bacterium itself is the therapeutic, bacteria are most often used to locally and
specifically deliver a therapeutic molecule of interest, as controlled local delivery can mitigate
unwanted off-target effects compared to delivering a therapeutic systemically (30, 298, 341 Many
reviews have detailed therapeutics used; they broadly fall under two types: proteins and nucleic
acids (355-357). Proteins include cytotoxic agents, immune-stimulatory molecules, growth

pathway regulators, and prodrug enzymes (327, 358, 359 One example of a cytotoxic agent is
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HIyE, a pore-forming toxin, which has been used by several groups (208, 306.
Immunostimulatory molecules can include cytokines, antibodies and tumor-specific antigens.
Recently, delivery in vivoof S. typhimuriunexpressing flagellin B, a structural component of the
flagellum from Vibrio Vulnificuswas shown to lead to recruitment of macrophages and tumor
regression, possibly via activation of the toll like receptor pathways (359). DNA encoding for
cytokines and bacteria antigens can be delivered for gene transfer via a co-opted invasion system
from Listeria, or sShRNA can be delivered for RNAi-mediated gene knockdown (332, 356.
Recently, some studies have also used bacteria as carriers for traditional chemotherapies, such as
“bacteriobots” and “nanoswimmers” loaded with liposomes and nanoparticles, respectively, of
doxorubicin (360, 36).

Conclusion

Engineered bacterial cancer therapy promises controllable, targeted delivery of
therapeutics to tumors, mitigating some of the major issues of current therapies. There are several
current challenges researchers must address to develop bacteria as a successful therapy.

An inherent issue in using engineered bacteria is the potential for mutation or plasmid loss,
which could cause loss of therapeutic production or reversion of the safety modification. While
antibiotics can be used to maintain selection for plasmids in vitro, use of such methods presents a
challenge in vivo because they may lead to resistance development and dysbiosis. One approach
to mitigate plasmid loss is genomic integration, which is known to be fairly stable. Clairmont et
al. showed VNP20009 strain, with several chromosomal modifications for safe attenuation, was
genetically stable over many generations in vitro and in vivo (362). Integration is less convenient
for rapid construction of variants, although many systems such as lambda red, phage integration,

and CRISPR have been developed (363, 364. However, these systems typically have lower copy
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number and hence lower redundancy, leaving strains susceptible to loss of function mutations.
Alternatively, stabilizing elements can be incorporated into engineered plasmids, such as plasmid
segregation, toxin-antitoxin systems, and auxotrophy, including balanced-lethal systems (306,
365, 369. In some applications, plasmid loss may in fact be desirable so that the toxin production
function is not maintained.

Future applications in programming bacteria may include more complex feedback systems
which could respond to cell death or self-regulate. As the field of cancer biology advances, more
potential therapeutic targets will be discovered, allowing an ever-widening range of therapeutics
to be engineered into bacteria. Finally, the efficacy of bacteria in clinical trials must be
demonstrated for eventual use in patient treatment. While Bacillus Calmette-Guerin therapy is
approved for use in bladder cancer, no engineered bacterial cancer therapy is clinically approved
as of yet (367). Currently, there are several clinical trials that utilize bacteria for cancer therapy.
One example is Marina Biotech’s CEQ508 bacteria, which delivers RNAI to treat a condition
underlying colon cancer; additionally, Aduro is testing attenuated Listeria treatment and BioMed
Valley Discoveries has a clinical trial for attenuated Clostridium(76, 368, 369 Although clinical
trials are in early stages, as more and more therapeutics reach the clinical trial phase, the successful

use of engineered bacteria for cancer therapy may be just over the horizon.
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