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Abstract: The engineering of microbes spurs biotechnological innovations, but requires control
mechanisms to confine growth within defined environments for translation. Here we engineer
bacterial growth tropism to sense and grow in response to specified oxygen, pH, and lactate
signatures. Coupling biosensors to drive essential gene expression reveals engineered bacterial
localization within upper or lower gastrointestinal tract. Multiplexing biosensors in an AND logic-
gate architecture reduced bacterial off-target colonization in vivo.

Main Text: Microbiome research continues to demonstrate the abundance of microorganisms in
various environments (/-3). An emerging focus in synthetic biology engineers microbes to
integrate within specific niches in nature, artificial infrastructure and the human body (4-17). Since
genetic programming of bacteria enables them to sense and respond to physiological conditions in
situ, this approach is poised to change existing paradigms for diagnosing and treating diseases such
as inflammation (/2, 13), infection (/4, 15), and cancer (/6-18). An essential element of this
approach requires the precise regulation of microbial growth at disease sites, since uncontrolled
bacterial replication can lead to severe side effects including tissue damage and septic shock (79,
20). Therefore, engineering genetic circuits to control bacterial growth at specific regions provides
a promising avenue to address this central challenge in translating next-generation microbial
applications.

The majority of bacterial therapies thus far have relied on the natural tropism of bacteria in organs
such as the gastrointestinal tract, skin, and tumors (/2, 17, 21-23). While relying on inherent
bacterial growth preference can control bacterial spatial localization, many bacteria can grow
outside of their natural niche and can quickly spread to unintended locations. One approach to
resolve this lack of specificity entails engineering approaches that controllably alter bacterial
growth, including using metabolic auxotrophy, essential genes, toxins, and dependence on
synthetic amino acids (24-28). Coupling such systems with an environmentally-responsive
biosensor will contain engineered bacteria and prevent spreading to unintended tissues and targets
(29-31), but precise targeting to specified organs remains a challenge. Here, we demonstrate
programmable tropism and growth of bacteria within the body controlled by genetic circuits
engineered to sense multiple distinct physiological signatures (Fig. 1A).

To construct bacteria biosensors that can distinguish unique organ signatures, we chose oxygen,
pH and lactate as physiological indicators, as they are predominantly found throughout the body
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(32-36). 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)
(30, 37, 38) (Fig. 1B). 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 dimers into inactive monomers (39). Measuring GFP expressed under
the control of the pPepT promoter on a plasmid, we detected elevated levels of fluorescence in
response to hypoxic conditions (Fig. 1B). We next designed an L-lactate sensor, derived from the
native LIdPRD operon (37), to detect lactic acid fermentation by host cells. This 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 can dimerize to inhibit
expression of the reporter gene unless bound to lactate (Fig. 1B). In response to increasing
concentrations of L-lactate in the culture media, we observed a corresponding step-wise increase
in GFP (Fig. 1B). Last, we engineered a pH sensitive promoter, pCadC, regulated by a membrane
tethered activator protein (CadC) (40-42), which shows increased activity in acidic media
compared to media at a neutral pH (Fig. 1B).

To tune the sensitivity level of biosensors with functional gradients in physiological conditions,
we built a library of sensors. For hypoxic sensors, we utilized three distinct hypoxia promoters
(pPepT, FF+20 and pVgb) (30, 43, 44) and demonstrated that hypoxia induces expression for each
promoter compared to a constitutive control (Fig. 1B). For both lactate and pH sensors, we varied
the copy numbers of the plasmids encoding the promoter and the regulatory proteins. Both sensors
showed significant activation under increasing lactate concentrations and decreasing pH levels
with varied sensitivity and dynamic ranges (Fig. 1B, Fig. S1-2). By tuning these parameters,
variants demonstrated activation at physiological concentrations similar to naturally-occurring
levels in various organs, such as the gastrointestinal tract and solid tumors (45, 46). Since bacteria
are often subjected to multiple environmental conditions simultaneously in vivo, we also tested the
cross-reactivity of the sensors under overlapping environmental conditions. We observed robust
activity of sensors, regardless of the other conditions, which suggests the ability of using these
sensors in an orthogonal manner (Fig. S3).

We next sought to restrict bacterial replication in response to distinct biochemical signatures by
expressing key essential genes under the control of the biosensor promoters. We chose an essential
gene (asd) involved in lysine, threonine, and methionine biosynthesis. This process can be rescued
by adding diaminopimelic acid (DAP), a bacteria specific amino acid that can be supplemented in
the media (30, 47). 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. S4A) 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 we constructed a library of variants with a range of gene copy numbers (colE1,
pl5a, or sc101 origin of replications and single genome integration) (Fig. SSA, Table S1). We
measured the ratio of bacterial growth in non-permissive environments (no DAP in media) and
permissive conditions (DAP in media), which represented the “escapee rate” for characterizing the
containment capability of the engineered bacteria. We identified several strains with low escapee
rates that could grow selectively under hypoxia, high lactate, or low pH levels (Fig. SSB). The
proportions of bacteria that grew in non-permissive conditions (escapee rate) were less than 107,
10, 107 for hypoxia, lactate, and pH, respectively.
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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
signatures. We engineered a strain with the lactate sensor driving g/ms and an additional gene
orthogonal to asd that encodes for an essential glucosamine-6-phosphate synthase that can be
rescued with D-glucosamine (30, 47). The engineered strain exhibited selective growth in the
presence of 10 mM lactate with a 10~ escapee rate (Fig. S$6). By combining this system with a
hypoxia-dependent asd auxotroph in a double knockout strain (Fig. 1C), we demonstrated growth
only when both DAP and D-glucosamine supplements were added (Fig. S4C). When bacteria were
cultured under both low oxygen and high lactate, the AND logic gate strain grew, while we
measured no colonies up to the limit of detection (LOD) for hypoxic- or lactate-only culturing
conditions (Fig. 1D, Fig. S7). The 10® escapee rate for the lactate hypoxic circuit improved
containment 10*-fold compared to single containment modules alone and adheres to the NIH
guideline for engineered microorganisms (Fig. 1D)(48). These findings highlight that using
multiplexed sensor-based logic gate circuit architecture significantly improves growth specificity.

To progress toward the in vivo characterization of biosensors, we first assessed the capability of
bacteria biosensors to sense metabolic activity of mammalian cell cultures in vitro (Fig. 2A). 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. S8).
Subsequently, we cultured sensor-containing bacteria in the collected cell media supernatant and
measured the fluorescence from the bacteria sensor strains after 16 hours. We observed a
concomitant increase in the bacterial fluorescent signal as lactate concentrations increased and the
pH level decreased (Fig. 2B, C). To confirm that the promoter activity is independent of the cell
type of origin, we assayed media supernatant samples from six different lung cancer cell lines and
a lung fibroblast cell line. We found that the sensor showed an increase in fluorescent signal only
in the cell lines that produced high levels of lactate (Fig. S9). To characterize the hypoxic sensor
in culture media, we incubated the bacteria with cell media in a culture chamber with varying
oxygen levels. We observed consistent increases in fluorescence signal following decreasing
oxygen levels across cell lines (Fig. 2D). Collectively, these results demonstrate that our
engineered bacteria can effectively sense biochemical signatures produced from host cellular
metabolic activities.

Since oxygen and pH levels decrease along the longitudinal axis of the intestine (46), we exploited
this system to engineer bacteria localization in the gut using our biosensor circuits. We transformed
pH and oxygen sensors driving asd gene expression in a probiotic bacteria, E. coli Nissle 1917
(EcN), currently prescribed for oral administration in humans with gastrointestinal disorders (49,
50). Following oral delivery of bacteria, we collected fecal samples over several days to assess
their ability to grow outside of the host environment (Fig. 2E). For both hypoxia and pH circuits,
we grew approximately 100-fold less bacteria from the fecal samples over one week compared to
wildtype EcN (Fig. 2F). Then, we rescued engineered bacteria using DAP supplementation in the
agar to similar colony forming units (CFU) as in wildtype EcN. These results suggest that the
reduced bacterial numbers outside of the host occurred through engineered auxotrophy. We then
examined the bacterial distribution along the axis of the gut by measuring CFU from intestinal
tissue (Fig. 2E). We found a 10-fold enrichment of hypoxia-dependent bacteria in the large
intestine compared to the small intestine (Fig. 2G). In contrast, we observed a decrease in CFU
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toward the distal sites of the gastrointestinal tract for pH dependent bacteria (Fig. 2G). Together,
these results demonstrate engineered bacterial growth tropism along the axis of the gastrointestinal
tract based on physiochemical cues.

We next tested whether multiplexed containment circuits can enhance specificity for tumor
environments. We 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 (57) (Fig. 3A). Attenuated S. typhimurium, commonly studied as a bacteria cancer therapy
(52), was co-cultured. Once in the spheroid core, we observed an increase in the total fluorescence
signal from bacteria carrying hypoxia, lactate, and pH sensors driving GFP (Fig. 3B-D, Fig S10,
11). We consistently measured the highest reporter signals in the center of the spheroid, reflecting
the expected biochemical gradients in the spheroid core. The combined lactate-hypoxia AND logic
gate containment circuit showed comparable tumor colonizing capabilities as wildtype bacteria in
tumor spheroids (Fig. 3E). To determine whether this growth requires tumor microenvironment-
specific cues, we co-cultured double knockout bacteria (asd-/glms-) containing a single sensor
driving a single essential gene. Single sensor mutants could not effectively colonize tumor
spheroids (Fig. S12), indicating that bacteria required both to facilitate growth.

We next intravenously injected our strains in a subcutaneous syngeneic mouse tumor model to
mimic applications for bacteria cancer therapy (Fig. 3F). Organs and tumors were harvested and
homogenized to assess bacterial colonization 2 days post-injection by CFU enumeration. As
expected, we observed tumor colonization for both wildtype and lactate-hypoxia AND logic gate
bacteria (Fig. 3G). These results confirm similar cancer targeting robustness between wildtype and
engineered strains. Notably, low levels of the intravenously-introduced engineered bacteria were
found in the spleen and liver (Fig. 3H, I) at levels similar to the auxotroph strains. In contrast, we
recovered 10* and 10° CFU/g of wildtype bacteria from these organs respectively (Fig. 3H, I).
Based on these results, we conclude that multiplexed bacteria decreased off-target colonization in
the spleen and liver with a demonstrated >100-fold increase in tumor-targeting capability.

Our engineering proof-of-concept shown here demonstrates that bacteria can be engineered to
grow locally only in distinct sections of the mouse gastrointestinal tract and tumors by utilizing
specific distinct environmental signatures. By tuning and multiplexing biosensors responsive to
physiological cues to construct biocontainment circuits, we demonstrated enhanced specificity and
organotropic localization of microbial growth. This approach will enable precision targeting of
specific physiological regions. We propose generalizing this approach to other bacteria species
and organs for biomedical research and translation to human disease-states. As translation of
engineered microbes to various technological applications undergoes continued implementation,
robust and precise engineering of bacterial localization will provide a useful method to improve
biocontainment and safety to target specific sites for local delivery of treatment options

References:

1. B. Sanchez ef al., Probiotics, gut microbiota, and their influence on host health and
disease. Mol Nutr Food Res 61, (2017).

2. J. A. Gilbert et al., Current understanding of the human microbiome. Nat Med 24, 392-
400 (2018).


https://doi.org/10.1101/851311

bioRxiv preprint doi: https://doi.org/10.1101/851311; this version posted November 21, 2019. The copyright holder for this preprint (which was

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

P. D. Cani, Human gut microbiome: hopes, threats and promises. Gut 67, 1716-1725
(2018).

D. T. Riglar, P. A. Silver, Engineering bacteria for diagnostic and therapeutic
applications. Nature Reviews Microbiology 16,214 (2018).

W. C. Ruder, T. Lu, J. J. Collins, Synthetic biology moving into the clinic. Science 333,
1248-1252 (2011).

A. S. Khalil, J. J. Collins, Synthetic biology: applications come of age. Nature Reviews
Genetics 11, 367-379 (2010).

T. Kitada, B. DiAndreth, B. Teague, R. Weiss, Programming gene and engineered-cell
therapies with synthetic biology. Science 359, (2018).

P. Garbeva, J. A. van Veen, J. D. van Elsas, Microbial diversity in soil: selection
microbial populations by plant and soil type and implications for disease suppressiveness.
Annu Rev Phytopathol 42, 243-270 (2004).

P. Martinez-Hidalgo, M. Maymon, F. Pule-Meulenberg, A. M. Hirsch, Engineering root
microbiomes for healthier crops and soils using beneficial, environmentally safe bacteria.
Can J Microbiol 65, 91-104 (2019).

K. Vijay, M. Murmu, S. V. Deo, Bacteria based self healing concrete—A review.
Construction and Building Materials 152, 1008-1014 (2017).

C. E. Lawson et al., Common principles and best practices for engineering microbiomes.
Nat Rev Microbiol, (2019).

D. T. Riglar et al., Engineered bacteria can function in the mammalian gut long-term as
live diagnostics of inflammation. Nature biotechnology 35, 653-658 (2017).

K. N. Daeffler et al., Engineering bacterial thiosulfate and tetrathionate sensors for
detecting gut inflammation. Mol Syst Biol 13, 923 (2017).

I. Y. Hwang ef al., Engineered probiotic Escherichia coli can eliminate and prevent
Pseudomonas aeruginosa gut infection in animal models. Nat Commun 8, 15028 (2017).
N. Mao, A. Cubillos-Ruiz, D. E. Cameron, J. J. Collins, Probiotic strains detect and
suppress cholera in mice. Sci Transl Med 10, (2018).

M. O. Din et al., Synchronized cycles of bacterial lysis for in vivo delivery. Nature 536,
81-85 (2016).

T. Danino et al., Programmable probiotics for detection of cancer in urine. Science
translational medicine 7, 289ra284-289ra284 (2015).

J. C. Anderson, E. J. Clarke, A. P. Arkin, C. A. Voigt, Environmentally controlled
invasion of cancer cells by engineered bacteria. Journal of molecular biology 355, 619-
627 (2006).

K. B. Low et al., Lipid A mutant Salmonella with suppressed virulence and TNFalpha
induction retain tumor-targeting in vivo. Nat Biotechnol 17, 37-41 (1999).

Z. Cao, S. Cheng, X. Wang, Y. Pang, J. Liu, Camouflaging bacteria by wrapping with
cell membranes. Nat Commun 10, 3452 (2019).

M. Mimee, A. C. Tucker, C. A. Voigt, T. K. Lu, Programming a Human Commensal
Bacterium, Bacteroides thetaiotaomicron, to Sense and Respond to Stimuli in the Murine
Gut Microbiota. Cell Syst 1, 62-71 (2015).

T. Nakatsuji et al., A commensal strain of Staphylococcus epidermidis protects against
skin neoplasia. Sci Adv 4, eaao4502 (2018).


https://doi.org/10.1101/851311

bioRxiv preprint doi: https://doi.org/10.1101/851311; this version posted November 21, 2019. The copyright holder for this preprint (which was

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

L. H. Dang, C. Bettegowda, D. L. Huso, K. W. Kinzler, B. Vogelstein, Combination
bacteriolytic therapy for the treatment of experimental tumors. Proc Natl Acad Sci U S A
98, 15155-15160 (2001).

J. W. Lee, C. T. Y. Chan, S. Slomovic, J. J. Collins, Next-generation biocontainment
systems for engineered organisms. Nat Chem Biol 14, 530-537 (2018).

D. J. Mandell ef al., Biocontainment of genetically modified organisms by synthetic
protein design. Nature 518, 55-60 (2015).

F. Stirling ef al., Rational Design of Evolutionarily Stable Microbial Kill Switches. Mo/
Cell 72, 395 (2018).

C.T. Chan, J. W. Lee, D. E. Cameron, C. J. Bashor, J. J. Collins, 'Deadman' and
'Passcode' microbial kill switches for bacterial containment. Nat Chem Biol 12, 82-86
(2016).

M. Zhao et al., Tumor-targeting bacterial therapy with amino acid auxotrophs of GFP-
expressing Salmonella typhimurium. Proc Natl Acad Sci U S A 102, 755-760 (2005).

D. I. Piraner, M. H. Abedi, B. A. Moser, A. Lee-Gosselin, M. G. Shapiro, Tunable
thermal bioswitches for in vivo control of microbial therapeutics. Nat Chem Biol 13, 75-
80 (2017).

B. Yu et al., Explicit hypoxia targeting with tumor suppression by creating an "obligate"
anaerobic Salmonella Typhimurium strain. Sci Rep 2, 436 (2012).

R. R. Gallagher, J. R. Patel, A. L. Interiano, A. J. Rovner, F. J. Isaacs, Multilayered
genetic safeguards limit growth of microorganisms to defined environments. Nucleic
Acids Res 43, 1945-1954 (2015).

V. De Santis, M. Singer, Tissue oxygen tension monitoring of organ perfusion: rationale,
methodologies, and literature review. Br J Anaesth 115, 357-365 (2015).

A. Carreau, B. El Hafny-Rahbi, A. Matejuk, C. Grillon, C. Kieda, Why is the partial
oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia. J
Cell Mol Med 15, 1239-1253 (2011).

L. W. Andersen ef al., Etiology and therapeutic approach to elevated lactate levels. Mayo
Clin Proc 88, 1127-1140 (2013).

J. Bakker, M. W. Nijsten, T. C. Jansen, Clinical use of lactate monitoring in critically ill
patients. Ann Intensive Care 3, 12 (2013).

W. Aoi, Y. Marunaka, Importance of pH homeostasis in metabolic health and diseases:
crucial role of membrane proton transport. Biomed Res Int 2014, 598986 (2014).

L. Aguilera et al., Dual role of LIdR in regulation of the lldPRD operon, involved in L-
lactate metabolism in Escherichia coli. J Bacteriol 190, 2997-3005 (2008).

M. C. Weghoff, J. Bertsch, V. Muller, A novel mode of lactate metabolism in strictly
anaerobic bacteria. Environ Microbiol 17, 670-677 (2015).

J. C. Crack et al., Signal perception by FNR: the role of the iron-sulfur cluster. Biochem
Soc Trans 36, 1144-1148 (2008).

A. Schlundt et al., Structure-function analysis of the DNA-binding domain of a
transmembrane transcriptional activator. Sci Rep 7, 1051 (2017).

J. P. Viala et al., Sensing and adaptation to low pH mediated by inducible amino acid
decarboxylases in Salmonella. PLoS One 6, 22397 (2011).

Y. H. Lee, J. H. Kim, L. S. Bang, Y. K. Park, The membrane-bound transcriptional
regulator CadC is activated by proteolytic cleavage in response to acid stress. Journal of
Bacteriology 190, 5120-5126 (2008).

6


https://doi.org/10.1101/851311

bioRxiv preprint doi: https://doi.org/10.1101/851311; this version posted November 21, 2019. The copyright holder for this preprint (which was

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

R. M. Ryan et al., Bacterial delivery of a novel cytolysin to hypoxic areas of solid
tumors. Gene Ther 16, 329-339 (2009).

A. Mengesha et al., Development of a flexible and potent hypoxia-inducible promoter for
tumor-targeted gene expression in attenuated Salmonella. Cancer Biol Ther S, 1120-1128
(2006).

V. Petrova, M. Annicchiarico-Petruzzelli, G. Melino, I. Amelio, The hypoxic tumour
microenvironment. Oncogenesis 7, 10 (2018).

G. P. Donaldson, S. M. Lee, S. K. Mazmanian, Gut biogeography of the bacterial
microbiota. Nat Rev Microbiol 14, 20-32 (2016).

K. Kim et al., A novel balanced-lethal host-vector system based on glmS. PLoS One 8,
e60511 (2013).

R. Bayha, K. L. Harris, A. C. Shipp, J. Corrigan-Curay, C. D. Wolinetz, The NIH Office
of Biotechnology Activities Site Visit Program: Observations About Institutional
Oversight of Recombinant and Synthetic Nucleic Acid Molecule Research. App! Biosaf
20, 75-80 (2015).

U. Sonnenborn, Escherichia coli strain Nissle 1917-from bench to bedside and back:
history of a special Escherichia coli strain with probiotic properties. FEMS Microbiol Lett
363, (2016).

T. M. Wassenaar, Insights from 100 Years of Research with Probiotic E. Coli. Eur J
Microbiol Immunol (Bp) 6, 147-161 (2016).

T. Harimoto et al., Rapid screening of engineered microbial therapies in a 3D
multicellular model. Proc Natl Acad Sci U S 4 116, 9002-9007 (2019).

E. L. Hohmann, C. A. Oletta, S. I. Miller, Evaluation of a phoP/phoQ-deleted, aroA-
deleted live oral Salmonella typhi vaccine strain in human volunteers. Vaccine 14, 19-24
(1996).

Acknowledgments: We thank J. Zhang for generating g/ms knock out strain and W. Mather for
help with automated quantification of the BSCC platform. Funding: This work was supported by
the NIH Pathway to Independence Award (ROOCA197649-02) DoD Idea Development Award
(LC160314), DoD Era of Hope Scholar Award (BC160541), NIH RO1GMO069811, Honjo
International Foundation Scholarship (T.H.). Author contributions: T.C., T.H. and T.D.
conceived and designed the study. T.C., T.H., B.K., T.A. performed in vitro characterization of
biosensor. T.C., T.H., K.G., C.C., K.P. performed in vivo experiments for this study. T.C., T.H.
and T.D. wrote the manuscript. Competing interests: T.C., T.H., and T.D. have filed a provisional
patent application with the US Patent and Trademark Office related to this work. Data and
materials availability: All data is available in the main text or the supplementary materials.


https://doi.org/10.1101/851311

bioRxiv preprint doi: https://doi.org/10.1101/851311; this version posted November 21, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B Cc R
Lactate hypoxia circuit
Hypoxic sensor =)
LspsiLIT [ ] . N2
° 7 FNR :‘g’a fh&;.\n pPepT
o, 7 N o
AEEEN . M 3 o\ /|
1 1ol | -
prep S
wae [l 0 l — 2, pTac pLIdR  pSodA
Low ——mmm High %" pTac pPepT FF+20 pVgb 9
—— A
e O Lactate sensor. Sreiony , Growth Aasd Agims pTac
Ao — 00 g o /
OH * 24 = pTac control II
Tac O | puor = /
ac el ’
: 4 a £2 _,_/ D 100 . v
gfo
10 100 1000 10000 10'2

Lactate concentration (uM

pH sensor & Bac control
+ pIC36-1

=

v pTC37
-4 pTC36

w

A

T
T
(o]
20
|
el
o
o
a
% [¢]
Fold Change
S
. m

55 60 65 70 none  lactate hypoxic lactate pLIdR gims pPept asd
oH hypoxic

Fig. 1. Design of biosensors for engineered bacteria tropism. (A) Engineered biosensors sense
specific oxygen, lactate and pH levels in organs that enable precise growth tropism of bacteria in
vivo. Different organs, ranging from Lungs (L), Spleen (Sp), Small Intestine (S.I.), Large Intestine
(L.I.) and Tumor (T) exhibit varying bio-chemical signatures. (B) (Left) Each sensor architecture
optimizes native bacteria promoters to sense specific environmental changes and express GFP.
(Right) Bacteria were grown in a specified environment (0-20% oxygen, 0-10 mM lactate and pH
of 5.5-7) for 16 hours, and fluorescence was measured (n=3, mean = SEM). (C) Schematic of
lactate-hypoxia AND logic gate circuit consists of both the hypoxic promoter pPepT driving
essential gene asd and lactate sensor pLIdR driving a second essential gene g/ms. (D) Escapee
rates of lactate-hypoxia AND logic gate circuit were cultured in the different four conditions (none,
10mM lactate supplemented, hypoxic condition and combination of 10mM lactate with hypoxic
condition). Two single circuits were grown in either lactate or hypoxic conditions (n=3, mean *
SEM). Samples were grown for 16 hours and then plated on LB agar supplemented with DAP and
D-glucosamine. Colonies were counted after incubating at 37°C overnight. Dotted line indicates
NIH guideline for engineered microorganism escapee rate.
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Fig. 2. Engineered biosensors respond to physiological cues in vitro and enable redirected
growth tropism and biocontainment in mouse gut. (A) Cell culture media supernatant from four
cancer cell lines (A20, CT26, 368T1 and 4T1) were collected over five days and then cultured
with our three bacteria sensors. (B-D) Fluorescence activation of lactate (B, red), pH (C, green),
and hypoxic (D, blue) sensors when cultured in the collected supernatant overnight at 37°C.
Hypoxic sensor cultured in cell media supernatant was grown in + oxygen conditions. GFP signal
was normalized by constitutive promoter control. (n=3, mean = SEM). (E) Fresh fecal pellets were
collected every day for 7 days, homogenized and plated on LB agar plates with antibiotic selection
+ DAP. 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. (F) Colony counts from fresh fecal pellet homogenates were recovered
by plating in permissive and non-permissive conditions (Nislux: n=7, pH: n=7, hypoxic: n=8 per
time point, mean = SEM. ***p = (0.0005 two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test). (G) Ratio of colonies for sensor containment circuit compared to wild
type control along the gut axis. Data normalized to S1 region (Nislux: n=7, pH: n=7, hypoxic: n=8§,
mean = SEM. **p = 0.007 two-way analysis of variance (ANOVA)).
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Fig. 3. Multiplexed biosensor achieves enhanced specificity of bacteria tumor colonization.
(A) Engineered bacteria biosensors were co-cultured in tumor spheroids and monitored for sensor
activation. (B-D) (Top) Representative images of biosensors in tumor spheroids. (Scale bar,
200um). (Bottom) Corresponding space-time diagram demonstrating radially averaged
fluorescence intensity of lactate (B), pH (C) and hypoxia (D) sensors. The white boundary
indicates the edge of the spheroid. (E) Recovered colony counts of wildtype S. typhimurium
ELH1301, ELH1301 Aasd Aglms and hypoxia-lactate circuit tested in spheroid platform. All
strains were co-cultured in spheroids for 6 days followed by homogenizing the spheroid and
plating them on LB agar plates. (n=3, mean + SEM). (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 (WT), double knockout
(AasdAglms) or lacate-hypoxia circuit (in (AasdAglms). After 2 days, tumor, liver and spleen were
homogenized and plated on LB agar plates with supplements. Bacteria colonizing tumor (G),
spleen (H) and liver (I) tissues were quantified and counted after 1 day. Dotted line indicates the
average limit of detection. (****p<0.0001, **p=0.0011 one-way analysis of variance (ANOVA)
with Bonferroni’s multiple comparisons test).
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