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Synthetic biology is transforming therapeutic paradigms by engi-
neering living cells and microbes to intelligently sense and respond
to diseases including inflammation, infections, metabolic disorders,
and cancer. However, the ability to rapidly engineer new therapies
far outpaces the throughput of animal-based testing regimes,
creating a major bottleneck for clinical translation. In vitro ap-
proaches to address this challenge have been limited in scalability
and broad applicability. Here, we present a bacteria-in-spheroid
coculture (BSCC) platform that simultaneously tests host species,
therapeutic payloads, and synthetic gene circuits of engineered
bacteria within multicellular spheroids over a timescale of weeks.
Long-term monitoring of bacterial dynamics and disease progres-
sion enables quantitative comparison of critical therapeutic param-
eters such as efficacy and biocontainment. Specifically, we screen
Salmonella typhimurium strains expressing and delivering a library
of antitumor therapeutic molecules via several synthetic gene cir-
cuits. We identify candidates exhibiting significant tumor reduction
and demonstrate high similarity in their efficacies, using a syngeneic
mouse model. Last, we show that our platform can be expanded to
dynamically profile diverse microbial species including Listeria
monocytogenes, Proteus mirabilis, and Escherichia coli in various
host cell types. This high-throughput framework may serve to ac-
celerate synthetic biology for clinical applications and for under-
standing the host-microbe interactions in disease sites.

synthetic biology | high-throughput screening | bacterial therapy |
cancer therapy

he abundance of naturally occurring microbes living in and

on the human body present a myriad of opportunities for
engineering microbes to act as in situ therapies or diagnostics. As
a result, an emerging focus of synthetic biology has been to en-
gineer bacteria to intelligently sense and respond to disease
states including inflammation (1, 2), infections (3-5), metabolic
disorders (6, 7), and cancer (8). Notably, many bacteria have
been found to selectively colonize tumors in vivo, prompting
attempts to engineer bacteria as programmable vehicles to de-
liver anticancer therapeutics (9). Given their natural preference
for tumors and capability for genetic engineering of therapeutic
payloads and control systems, engineered bacteria present a
unique opportunity to develop a targeted and dynamic therapy to
improve efficacy and safety profiles compared with conventional
systemic chemotherapy. However, a major bottleneck for clinical
translation in all these cases has been animal-based testing,
which slows iterations of design cycles needed to produce robust
microbial systems for in vivo applications. As a consequence,
typical development of engineered bacteria occurs in environ-
ments far from in vivo conditions, inevitably leading to failure of
predicted functions in more stringent native niches (10, 11).

In vitro platforms have been developed to characterize small-
molecule drugs and biologics in more physiologically rele-
vant conditions, with examples including organs-on-a-chip,
microfabricated cell patterning, and multicellular spheroids and
organoids (12-15). These systems allow for growth of cells in
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three dimensions, which preserves characteristic features of
in vivo environments such as gradients in oxygen and metabo-
lites, cell—cell interactions, and intercellular variations compared
with 2D monolayer cultures (16). Furthermore, analyses such as
drug distribution and spatially heterogeneous responses can be
performed that are otherwise unattainable in monolayer systems
(17). For bacterial therapies, 3D disease models could provide
an ideal testbed for quantitatively monitoring bacterial locali-
zation and circuit dynamics that are critical for accurate esti-
mation of safety and efficacy in vivo.

Due to the rapid proliferation rate of bacteria, coculture with
mammalian cells has been a challenge, limiting assays to short
periods or necessitating the use of heat-killed bacteria (18, 19).
Previous attempts to control the imbalance in growth rates have
fluidically controlled excess bacteria, directly injected bacteria into
multicellular aggregates, or used obligate anaerobes to prevent
overgrowth (20-22). As a result, these systems expectedly increase
technical complexity and restrict species types, reducing through-
put and broad applicability, respectively. Furthermore, long-term
analysis of bacteria circuit dynamics has yet to be employed in
multicellular cocultures or applied toward therapeutic develop-
ment (19). To accelerate development for in vivo applications,
simple and high-throughput 3D coculture platforms are needed to
rapidly identify effective microbial therapy candidates.

Here we present a bacteria-in-spheroid coculture (BSCC)
platform to test a large number of engineered microbial therapies
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that can be created from combinations of genetic circuits, thera-
peutic payloads, and host species in 3D multicellular spheroids
(Fig. 14). By selectively confining bacterial growth within spher-
oids, we enable parallel and stable coculture with diverse bacteria
and cell types. Using the BSCC system, we screened clinically
relevant S. typhimurium delivering a library of anticancer mole-
cules via synthetic gene circuits and identified efficacious therapies
for in vivo applications.

Results

Establishing a Stable Bacteria Co-Culture System in Multicellular
Spheroids. To rapidly screen microbial therapies, we generated
3D multicellular spheroids in 96-well plates for parallel testing (14)
(Movie S1). We first characterized attenuated S. fyphimurium, a
model bacterium well-characterized for its tumor colonization and
anticancer applications in vivo (9, 23), and constitutively expressed
superfolder GFP (sfGFP) to track its dynamics. To confine bacteria
within spheroids without causing cell toxicity, we screened several
antimicrobial agents (SI Appendix, Table S1) and developed a co-
culture protocol using gentamicin, a broad-spectrum aminoglyco-
side with reduced permeability through the eukaryotic membrane
(24) (SI Appendix, Fig. S1). Here, bacteria infiltrated spheroids and

was initially observed to increase near the spheroid boundary (40 h),
reach a steady state level of fluorescence (110 h), and eventually
grow and expand within the spheroid (140 h; Fig. 1B and C and SI
Appendix, Fig. S2). Bacterial proliferation over time was confirmed
by plating dissociated spheroids on selective agar (Fig. 1C). Bacteria
achieved stable colonization for up to 2 wk and localized to the
spheroid core, where necrotic and hypoxic regions developed (Fig.
1D and SI Appendix, Fig. S2), analogous to bacteria colonization
conditions in vivo (25). These results suggest our BSCC plat-
form enables long-term, quantitative characterization of bacte-
rial dynamics within physiologically relevant 3D models in a
parallel manner.

Quantitatively Monitoring Synthetic Gene Circuit Dynamics in BSCC.
We first sought to characterize gene circuit dynamics designed
for in vivo therapeutic delivery, using the BSCC platform. We
constructed an acyl-homoserine lactone (AHL)-inducible lux]
promoter (Fig. 24) and characterized circuit dynamics by moni-
toring downstream production of sfGFP from S. #yphimurium
within the spheroid. We applied 10 nM AHL to spheroids after
bacteria localized within the spheroid, and observed induction in
sfGFP signal that reached steady-state expression within 10 h (Fig.

subsequently localized and proliferated specifically in the spheroid 24, SI Appendix, Fig. S3, and Movie S4), demonstrating the ability g
(Movie S2). When no gentamicin was used, bacteria grew rap-  to trigger therapeutic production within a tumor environment. To ]
idly in the surrounding culture media (Movie S3). To investigate  sustain therapeutic production without repeated infusion of E
the spatiotemporal dynamics of bacteria in detail, we used au- chemical inducer, we next sought to engineer positive feedback S
tomated image analysis to quantify the distribution of fluores-  from /uxI to build a quorum-sensing (QS) circuit (Fig. 2B). This e
cence intensity within the spheroid over time. Bacteria fluorescence  circuit enables self-triggered gene expression when bacteria reach =
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Fig. 1. Design and characterization of the BSCC platform. (A) Schematic of workflow for rapid testing of synthetic gene circuits, therapeutic payloads, and

host species, using BSCC. Bacteria selectively colonize multicellular spheroids in vitro, where they are screened for growth, circuit dynamics, and therapeutic
efficacy and then are validated in mouse tumor models. (B) S. typhimurium and tumor spheroid growth over time. (Top) Representative time series images of
sfGFP expressing bacteria in CT26 tumor spheroids. (Scale bar, 200 um.) (Bottom) The corresponding space-time diagram showing radially averaged fluo-
rescence intensity of sfGFP-expressing bacteria. The gray boundary indicates the edge of the spheroid. (C) Total sfGFP of bacteria (green) and colony forming
units (CFU, blue) over time. Day 0 values are after inoculation and washing of bacteria. Error bars indicate + SE averaged over three measurements. a.u.,
arbitrary unit. (Inset) Representative images from this data. (Scale bar, 200 um.) (D, Left) Spatial distribution of S. typhimurium in a spheroid 14 d post
colonization. CT26 tumor spheroids (infrared fluorescent protein, magenta) develop hypoxic regions in the spheroid core shown by hypoxic probe dye
(yellow). S. typhimurium (sfGFP, green) grow inside of the spheroid core. (Scale bar, 200 um.) (D, Right) Distribution of fluorescence intensity of tumor cells,
bacteria, and hypoxic regions from the center of spheroid. Error bars indicate + SE averaged over three measurements.
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Fig. 2. Characterizing synthetic gene circuits using the BSCC platform. (A)
Inducible circuit consisting of the /ux/ promoter driving sfGFP activated via
externally supplied AHL. (B) Quorum-sensing (QS) circuit contains the lux/
promoter regulated production of autoinducer AHL, leading to self-
activation via positive feedback. (C) Synchronized lysis circuit (SLC) carries
an additional lysis gene under the control of /ux/ promoter to achieve peri-
odic lysis. (Top) Synthetic gene circuit diagrams. (Middle) Representative im-
ages of bacteria in tumor spheroids for each gene circuit. (Scale bar, 200 pm.)
Regions outside of the field of view were filled with gray background color.
(Bottom) Space-time diagram showing fluorescence intensity of sfGFP
expressing bacteria radially averaged over time in spheroids. Black arrows
correspond to images above. LuxR is constitutively expressed in all systems.

a critical density within the tumor core (26). After bacterial col-
onization of a spheroid, we observed a sharp increase in sfGFP
production, demonstrating QS activation (Fig. 2B, SI Appendix,
Fig. S3, and Movie S5). The maximum level of sfGFP reached was
less than the inducible system (SI Appendix, Fig. S3), potentially
because of lower levels of local AHL concentration. To enhance
drug release from bacteria, we incorporated quorum-mediated
bacterial lysis. We modified a recently created synchronized lysis
circuit (SLC; Fig. 2C), which produces periodic cycles of self-lysis
of host bacteria under QS control to efficiently release thera-
peutics into the surrounding environment (27). To minimize
bacterial lysis before tumor colonization, we designed the circuit in
a single operon on a low copy number plasmid. Following bacte-
rial colonization of the spheroid, we observed fluctuations in
fluorescence from SLC bacteria, indicating lysis (Fig. 2C, SI Ap-
pendix, Fig. S3, and Movie S6). In addition, spatiotemporal anal-
ysis indicated localization of bacteria closer to the center of the
spheroid, whereas total sfGFP signal did not increase up to 170 h
of bacterial colonization (Fig. 2C and SI Appendix, Fig. S4), sug-
gesting a smaller and spatially restricted bacterial population
resulting from a SLC. When gentamicin was removed from the
media, we found that SLC was maintained inside spheroids two-
fold longer than a nonlysing inducible circuit (SI Appendix, Fig.
S4), suggesting its use for biocontainment.

Screening Efficacy of Therapeutic Payloads in BSCC. Because the vast
majority of bacterial therapy studies test a small number of ther-
apeutic payloads that are rarely compared with one another (9),
we sought to rapidly identify and compare bacterial therapeutics,
using the BSCC platform. We created a library of therapeutics
including previously uncharacterized bacterial toxins and anti-
cancer peptides (ST Appendix, Table S2). Next, we tested bacterial
therapies by selectively expressing therapeutics from bacteria
within spheroids, using the inducible system. After adding AHL to
spheroids that contain bacteria, we observed a varying degree of
reduction in tumor spheroid size (Fig. 34). The three candidates
that exhibited the highest reduction in spheroid size were azurin
(28), theta-toxin (29), and hemolysin E (30). The former is a
proapoptotic protein, whereas the latter two are pore-forming
toxins, of which theta-toxin has not yet been studied as an
engineered bacterial therapeutic to our knowledge. Histopathological

9004 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1820824116

analysis of treated spheroids revealed higher levels of tumor cell
death after treatment with bacteria expressing pore-forming toxins
compared with treatment with control bacteria (SI Appendix, Fig. S5).
To compare the effects of genetic circuits on efficacy, we tested
the effect of the therapeutic library across inducible, QS, and SLC
systems in the BSCC platform. Incorporating the QS circuit into
bacteria expressing the therapeutic library produced limited effi-
cacy in tumor spheroids (Fig. 3B), corroborating our observation
that quorum activation is limited and leads to reduced therapeutic
production compared with the inducible circuit. In contrast, many
therapeutics displayed significant efficacy when expressed from
the SLC system on the same copy number plasmid as the QS
circuit (Fig. 3C). Comparing across the therapeutic library, we
identified theta-toxin as a potent therapy when combined with
SLC, resulting in an ~40% reduction in tumor spheroid size (Fig.
3C). Given the toxicity of theta-toxin to host bacteria (SI Appendix,
Fig. S6), we varied AHL in the inducible circuit from 0 to 10 nM
and found that decreasing inducer concentration did not increase
efficacy (SI Appendix, Fig. S6). We reasoned that theta-toxin ex-
pression from SLC exhibited higher therapeutic efficacy compared
with the inducible and QS circuit as a result of efficient release of
therapeutics from the bacterial cytosol mediated by cell lysis.

Validating Efficacy of Bacterial Therapies in an Animal Model. To
determine the predictive ability of the BSCC system, we assessed
engineered bacteria in a syngeneic, hind-flank tumor mouse
model harboring CT26 cells identical to those used to generate
spheroids. We investigated inducible therapeutics with predicted
high efficacy (azurin, theta-toxin, and hemolysin E), moderate
efficacy (beta-hemolysin), and control (sfGFP). Approximately
threefold reduced tumor growth was observed in vivo by bacte-
rial therapeutics identified as highly effective from the in vitro
screen compared with the control treatment (Fig. 3D). Tracking
therapeutic responses over time revealed a high degree of sim-
ilarity in trends of efficacy between BSCC and in vivo results
(Fig. 3E). In contrast, results from bacteria cocultured with a
monolayer of the same CT-26 cells failed to predict trends of
efficacy in vivo (SI Appendix, Fig. S7). We performed histo-
pathological analysis on treated tumors at trial termination.
Consistent with the spheroid results, tumors treated with theta-
toxin and hemolysin E showed increased cell death relative to
tumors treated with control bacteria (SI Appendix, Fig. S8).

To improve efficacy, we next examined the QS and SLC circuits,
as well as combination therapy in mouse tumor models. We found
that efficacy of therapeutics expressed under SLC control in vivo
corresponded to those from the spheroid screen (Fig. 3F). Com-
paring efficacy of SLC and QS circuits, theta-toxin from SLC
exerted the strongest response, similar to the results from the
BSCC platform (Fig. 3G). Furthermore, overall animal health, as
measured by weight drop, improved with SLC compared with
bacteria carrying inducible circuits, consistent with the observation
of enhanced biocontainment by SLC in the BSCC platform (S7
Appendix, Fig. S9). Leveraging the high-throughput capability of
the BSCC, we also investigated combination therapy. Applying
pairwise combinations of bacteria carrying inducible circuits at
equal proportions in the BSCC, we found theta-toxin and azurin
produced the most effective combination (Fig. 3H), exhibiting
higher therapeutic efficacy than the additive effect of each indi-
vidual therapy. This combination therapy in vivo exerted signifi-
cantly stronger antitumor effects than either therapeutic alone,
yielding a fourfold reduction in tumor size compared with control
(Fig. 3I). These findings indicate the BSCC platform predictively
identifies potent genetic circuits and therapeutic combinations in
a highly parallel manner.

Expanding Applicability of BSCC to Diverse Bacterial Strains, Species,

and Cell Types. Given that existing 3D coculture models for bac-
terial therapy are typically limited to particular types of bacteria
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Fig. 3. Rapid screening of engineered bacterial therapeutics in the BSCC platform and assessment of efficacy in vivo. (A-C) Relative spheroid size 10 d post-
administration of engineered S. typhimurium expressing various anticancer agents with an (A) inducible circuit after adding 10 nM AHL after bacteria colonization
(****P < 0.0001, ***P = 0.0002, **P = 0.0086, *P = 0.0301 compared with control, one-way ANOVA with Bonferroni posttest), (B) quorum-sensing (QS) circuit
(****P < 0.0001, **P = 0.0022; *P = 0.0344 compared with control, one-way ANOVA with Bonferroni posttest), and (C) SLC (****P < 0.0001, ***P = 0.0005, **P =
0.0075, *P = 0.0394 colicin, *P = 0.0015 cecropin X compared with control, one-way ANOVA with Bonferroni posttest). Values are normalized by control (bacteria
expressing sfGFP). Error bars indicate + SE averaged over four or more samples. HIyE, hemolysin E; HST, heat stable enterotoxin; NC, negative control. (D) Relative
tumor size over time for s.c. CT26 tumor bearing mice injected with S. typhimurium carrying inducible gene circuit expressing beta hemolysin, theta-toxin, azurin,
hemolysin E, and sfGFP (control) (****P < 0.0001, ***P = 0.0003, two-way ANOVA with Bonferroni posttest, n = 8, 7, 10, 7, 5 tumors, respectively, error bars show
s.e.). (E) Analysis of correlation between relative tumor size over time in spheroid and in vivo model (linear regression, R* = 0.92). (F) Relative tumor size over time
for s.c. CT26 tumor-bearing mice injected with bacteria carrying SLC-expressing beta hemolysin, theta-toxin, azurin, hemolysin E, and sfGFP (control) (****P <
0.0001, *P = 0.0363, two-way ANOVA with Bonferroni posttest, n = 8, 9, 6, 8, 8 tumors, respectively; error bars show s.Ze.). (G) Relative tumor size over time for s.c.
CT26 tumor bearing mice injected with S. typhimurium carrying SLC or QS circuit expressing theta-toxin, azurin, and sfGFP (control) (****P < 0.0001, **P = 0.0018,
two-way ANOVA with Bonferroni posttest, n = 8, 5, 10, 10, 9 tumors, respectively; error bars show s.e.). Black arrows indicate bacteria injections in mice. (H)
Efficacy of combinatorial therapy in the BSCC platform. The numbers in each box indicate average percentage spheroid size over two or more measurements 8 d
post bacteria administration. Colors indicate additional efficacy of combinatorial therapy. Additional efficacy represents increased efficacy compared with ad-
ditive effect alone (Materials and Methods). (/) Relative tumor size over time for s.c. CT26 tumor-bearing mice injected with S. typhimurium carrying inducible
circuit expressing theta-toxin, azurin, combination (theta-toxin and azurin) and sfGFP (control) (****P < 0.0001; *P = 0.0117, two-way ANOVA with Bonferroni
posttest, n = 7, 9, 9, 5 tumors respectively; error bars show s.e.).
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and cells (22, 31), we assessed the ability of the BSCC platform
to coculture diverse bacterial strains, species, and host tissue
types. First, we examined the colonization capacity and sfGFP
expression level of clinically relevant strains of S. typhimurium:
ELH430 (SL1344 phoPQ-), SL7207 (SL1344 aroA-), ELH1301
(SL1344 phoPQ-/aroA-) (32, 33), and VNP20009 (14028S msbB-/
purl-), which has been used in clinical trials (23). All strains
successfully colonized tumor spheroids, demonstrating stable
coculture (SI Appendix, Fig. S10). ELH1301 exhibited the high-
est colonization and sfGFP expression levels within spheroids (S
Appendix, Fig. S10). Analysis of dynamics revealed increased
initial invasion by ELH1301 compared with others (Fig. 44),
possibly contributing to its high colonization capacity at day 6.
Next, we investigated colonization of Listeria monocytogenes,
Proteus mirabilis, and Escherichia coli, bacterial species pre-
viously tested for cancer therapy (25, 34). Optimizing bacterial
inoculation density, incubation time, and gentamicin concentra-
tions (SI Appendix, Table S3), we established long-term growth
of all bacterial species, indicated by an increase in sfGFP fluo-
rescence and CFU from spheroids over multiple days (Fig. 4 B-D).
Spatiotemporal analysis allowed for comparison of fluores-
cence distribution within spheroids and their respective dynam-
ics. L. monocytogenes displayed a notably wide area of tumor
colonization (Fig. 4B), possibly because of its cell-to-cell
spreading ability within tumors (35). P. mirabilis reached the
spheroid core at an earlier time compared with other bacteria
(Fig. 4C), which might be attributable to its swarming ability. E.
coli displayed a sharp increase in number at day 6 within the
spheroid core (Fig. 4D), demonstrating similar dynamics to S.
typhimurium. In addition to the ability to test host bacterial
species, the BSCC platform can be used to study different tissue
types. To do this, we generated spheroids derived from both
human and mouse colorectal (HT29 and CT26/MC26) and
breast (MCF7 and 4T1) cells. We observed increasing sftGFP
fluorescence from S. typhimurium over time (SI Appendix, Fig.
S11), demonstrating growth of bacteria in various cell lines. As
efforts to integrate additional bacterial species for therapeutics
continue to expand, we anticipate that the modularity of the
BSCC system will allow a rapid evaluation of broad microbial
therapies and diseases.

Discussion

We present an approach to simultaneously profile a vast number
of engineered bacteria in a physiologically relevant, 3D multicel-
lular system. By using a scalable methodology, the BSCC platform
enables rapid build-test cycles of bacterial dynamics, therapeutics,
and species for in vivo applications of synthetic biology. The key
features of our system are quantification of bacterial population
and circuit dynamics in a 3D disease model, accurate prediction of
long-term disease progression in vivo from in vitro screening, and
a simple and broadly applicable system for high-throughput de-
velopment of novel bacteria therapies. The BSCC platform
achieves these features through stable coculture with the use of
gentamicin, a poorly diffusible antimicrobial agent that restricts
growth of bacteria to within the spheroid core, analogous to
in vivo bacterial containment in the tumor by the host immune
system (36). The broad-spectrum activity of gentamicin (37) al-
lows for investigation of diverse bacterial species.

One of the promising applications of the BSCC technology is the
ability to rapidly screen large libraries of therapeutics expressed by
bacteria circuit variants to narrow candidate selection for further
development. Although previous studies have tested up to five
bacteria-produced therapeutics in monolayers, using bacterial ly-
sate and culture supernatants (38), the BSCC technology enabled
screening of ~40 bacterial therapy candidates for efficacy while
simultaneously monitoring bacteria dynamics and disease pro-
gression over a timescale of weeks. This long-term monitoring as-
pect is critical to the success of bacterial therapies, as it is necessary
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Fig. 4. Coculture of diverse bacterial strains and species in the BSCC
platform. (A) sfGFP fluorescence of S. typhimurium strains within spher-
oids over time. (B-D) Colonization dynamics of (B) L. monocytogenes, (C) P.
mirabilis, (D) E. coli within spheroids. (Left) Space-time diagram showing
fluorescence intensity of sfGFP expressing bacteria radially averaged over
time. (Right) Typical images of sfGFP expressing bacteria in spheroids 6 d
after bacteria administration. (Scale bar, 100 pm.) (Bottom) Total sfGFP of
bacteria (green) colony forming units (CFU, blue) over time. Day 0 values
are after inoculation and washing of bacteria. (Scale bar, 100 pm.) a.u.,
arbitrary unit. Error bars indicate + SE averaged over three measurements.

to characterize the effects of dynamic therapeutic expression from
genetic circuits on bacteria and cellular growth in physiological
conditions.

In this study, we identified theta-toxin delivered by a lysis
circuit, and combination therapy of theta-toxin and azurin, in S.
typhimurium ELH1301 as efficacious bacterial therapies. By us-
ing the BSCC system, we found that although both SLC and QS
circuits showed low therapeutic expression, the active cell lysis
behavior in the SLC bacteria led to the therapeutic release from
the bacterial cytosol, resulting in high efficacy compared with the
QS circuit with no release mechanism. The reduction in tumor
size observed was commensurate with standard-of-care chemo-
therapies in this rapidly growing colorectal cancer model (27,
39). In metastatic settings, the efficacy observed at this level
could provide a clinically relevant benefit for patients, particu-
larly in cases of chemoresistant or unresectable tumors (40).
Because bacteria selectively colonize tumors, this targeted and
controlled approach can deliver a broader range of therapeutics
that can be toxic systemically and can improve efficacy and
safety profiles.

In future studies, the platform can be used to screen even
larger libraries and combinations of three to four agents, as often
used in chemotherapy regimens to improve efficacy (41). Be-
cause multiple bacteria strains expressing different therapeutics
will compete for resources within a tumor, reducing the effective
dosage of each therapeutic, the BSCC system can assess how
combination therapy will perform when increasing the number of
bacterial therapies. In addition, the broad applicability of the
spheroid model can be employed to assess combinations of
bacterial therapy with chemotherapy (42) and radiotherapy (43)
to improve on existing treatments. The BSCC system is precisely
suited to quantitatively explore large libraries and combinatorial
strategies in a high-throughput fashion.
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Although we focused on cancer therapy in this study, the BSCC
system may be expanded to characterize bacteria-based thera-
peutics for various diseases and to explore fundamental biological
questions about bacteria in host tissue types. For example, the
BSCC system may provide a platform to generally address safety
concerns such as escape of bacteria from host tissue. Here BSCC
may enable development and comparison of various biocontainment
strategies such as antibiotic treatments (44) and genetic kill
switch circuits (45). In addition, by incorporating immune cells
into the coculture platform, the BSCC system may also be
adapted to investigate bacteria-based immunotherapeutics that
have been reported to augment immunotherapies (46, 47). Last,
this multicellular spheroid model sets the stage for development
of an organoid-based system that incorporates cells with differ-
ent lineages and may enable further investigation of host-mi-
crobe interactions. As the field of engineered cell and microbial
therapies evolves with the use of more complex synthetic gene
circuits (48, 49) and incorporation of multicellular ecosystems (50),
we envision the BSCC platform will accelerate therapeutic devel-
opment for a wide range of diseases toward clinical translation.
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Materials and Methods

All the materials and methods conducted in this study are detailed in S/
Appendix, Materials and Methods: host strains and culturing, mammalian
cells and spheroid generation, plasmids and therapeutic library construc-
tions, bacteria coculture with tumor cell monolayer, bacteria coculture with
tumor spheroids, bacterial colonization quantification via colony counts,
microscopy, image alignment and localized fluorescence measurement for
spheroids, sfGFP average fluorescence and radial histograms for spheroids,
animal models, bacterial administration for in vivo experiments, tissue his-
tological analysis, statistical analysis, and calculation of additional efficacy.
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