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Abstract

Checkpoint inhibitors have revolutionized cancer therapy but only work in a subset of patients and 

can lead to a multitude of toxicities, suggesting the need for more targeted delivery systems. 

Because of their preferential colonization of tumors, microbes are a natural platform for the local 

delivery of cancer therapeutics. Here, we engineer a probiotic bacteria system for the controlled 

production and intratumoral release of nanobodies targeting programmed cell death protein – 

ligand 1 (PD-L1) and cytotoxic T lymphocyte-associated protein-4 (CTLA-4) using a stabilized 

lysing release mechanism. We used computational modeling coupled with experimental validation 

of lysis circuit dynamics to determine the optimal genetic circuit parameters for maximal 

therapeutic efficacy. A single injection of this engineered system demonstrated an enhanced 

therapeutic response compared to analogous clinically relevant antibodies, resulting in tumor 

regression in syngeneic mouse models. Supporting the potentiation of a systemic immune 

response, we observed a relative increase in activated T cells, an abscopal effect, and 

corresponding increases in systemic T cell memory populations in mice treated with probiotically-

delivered checkpoint inhibitors. Lastly, we leveraged the modularity of our platform to achieve 

enhanced therapeutic efficacy in a poorly immunogenic syngeneic mouse model through effective 

combinations with a probiotically-produced cytokine, granulocyte-macrophage colony-stimulating 
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factor (GM-CSF). Together, these results demonstrate that our engineered probiotic system bridges 

synthetic biology and immunology to improve upon checkpoint blockade delivery.

One-sentence summary:

An engineered probiotic system locally delivers checkpoint blockade nanobodies to tumors for 

sustained therapeutic release.

Introduction

Immune checkpoint inhibitors targeting programmed cell death protein - ligand 1 (PD-L1) 

and cytotoxic T-lymphocyte-associated protein −4 (CTLA-4) have revolutionized the 

paradigm of cancer immunotherapy treatments, achieving tumor regression in several 

cancers (1, 2). However, they can also result in immune-related adverse effects, with up to 

70% of patients experiencing measurable toxicity such as fatigue, skin rashes, endocrine 

disorders, or hepatic toxicities (3–6). Furthermore, although combination therapies of anti-

PD-L1/PD-1 and anti-CTLA-4 monoclonal antibodies (mAbs) are more efficacious than 

single therapy regimens, combined checkpoint blockade therapy causes higher grade 

toxicity, leading to the favoring of less efficacious monotherapies or eventual drug 

discontinuation (7, 8). Thus, there is a clear need for the improved delivery of immune 

checkpoint inhibitors to circumvent these limitations and to provide a more localized, 

sustained, and minimally invasive therapeutic option.

The rapid development of genetic technologies has enabled the engineering of intelligent 

microbial delivery systems for therapeutic applications. Specifically, synthetic biology has 

generated numerous examples of genetic circuits controlling bacteria growth and gene 

expression (9–16), allowing them to sense and respond to disease states of inflammation, 

infection, and cancer (17–20). Particularly for cancer, a multitude of studies has shown that 

systemic administration of bacteria results in their selective colonization of tumors, 

providing a convenient opportunity for tumor drug delivery. This occurs primarily due to 

reduced immune surveillance along with the ability of bacteria to grow within the hypoxic 

and necrotic tumor core (21–25). At the same time, microbiome research efforts have 

revealed the widespread prevalence of microbes within malignant tissue that do not cause 

infections or other long-term detrimental health effects (26, 27). Because bacteria are both 

inherently present and selectively grow within tumors, they provide a natural platform for 

the development of programmable therapeutic delivery vehicles.

Harnessing the converging advancements in both immunotherapy and synthetic biology, we 

engineered probiotic bacteria to locally and controllably release PD-L1 and CTLA-4 

antagonists in the form of blocking nanobodies. Specifically, we coupled immunotherapeutic 

expression to an optimized lysing mechanism, such that probiotic bacteria carrying the 

nanobodies home to the necrotic tumor core, grow to a critical density, and lyse, effectively 

releasing the therapeutics continuously within the tumor microenvironment (TME) (Fig. 

1A).
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Results

Design and characterization of probiotically-expressed PD-L1 and CTLA-4 nanobodies

A camelid single-domain antibody fragment, or nanobody, blocking PD-L1 or CTLA-4 was 

chosen from the RCSB Protein Data Bank as therapeutic cargo. Unlike antibodies with a 

molecular size of ~150 kDa, nanobodies are typically ~15 kDa and lack an Fc region that 

requires glycosylation by mammalian cells, allowing for them to be recombinantly-produced 

in bacteria (28, 29). Nanobodies provide multiple advantages, including their small size, 

which allows for increased diffusion within the TME, and more rapid clearance from the 

bloodstream through glomerular filtration, thereby reducing off-target effects (30). Although 

faster blood clearance may suggest shorter therapeutic impact, the use of live bacteria as a 

delivery vehicle allows for continuous and intratumoral nanobody production to improve 

upon this limitation.

We first sought to validate the binding capabilities of nanobodies targeting PD-L1 and 

CTLA-4. For purification and downstream binding detection purposes, we cloned a 6x 

Histidine residue tag onto both nanobodies (rPD-L1nb, rCTLA-4nb). Using flow cytometry, 

we then confirmed PD-L1 expression on A20 and CT26 cell lines (Fig. 1B), which have 

demonstrated modest antitumor responses to checkpoint inhibitor therapies in syngeneic 

murine models of B-cell lymphoma and colorectal carcinoma, respectively (31, 32). To 

examine the binding of the PD-L1nb, dilutions of rPD-L1nb were co-incubated with a 

constant concentration of a fluorescently-conjugated anti-PD-L1 mAb specific to epitopes 

recognized by either the 10F.9G2 or MIH7 clones on PD-L1high A20 cells. By flow 

cytometry, we observed an increase in the 10F.9G2 mAb fluorescence as the rPD-L1nb 

concentration was decreased, with ~100 ng rPD-L1nb binding 50% of the target (Fig. 1C, 

fig. S1A). However, no change in fluorescence of the MIH7 mAb was observed as a function 

of rPD-L1nb concentration, suggesting that the rPD-L1nb specifically binds to an epitope 

similar to that recognized by a 10F.9G2-specific mAb (Fig. 1C). Comparable results were 

observed using crude bacterial lysate containing the PD-L1nb to ensure that binding was still 

possible in conditions more similar to those of tumors in vivo (fig. S1B-D).

To investigate the binding properties of the CTLA-4nb, murine splenocytes were harvested 

and stimulated with PMA/ionomycin for 48 hours to induce CTLA-4 expression, which was 

subsequently detected by intracellular staining using a fluorescently-conjugated anti-

CTLA-4 mAb on T cells (Fig. 1D). We then incubated our recombinantly-produced and 

purified CTLA-4nb with activated splenocytes and probed the cells with a fluorescently-

conjugated anti-histidine mAb (anti-HIS) to detect the extracellular binding of the 

rCTLA-4nb. Using flow cytometry, we identified an anti-HIS signal on stimulated CD3+ 

splenocytes, suggesting that the rCTLA-4nb is binding to an activated T cell population (Fig. 

1E).

After confirming that the nanobodies bound to their respective targets, the PD-L1nb and 

CTLA-4nb sequences were cloned onto separate plasmids downstream of a strong 

constitutive tac promoter on a high-copy plasmid to allow for maximal gene expression (fig. 

S2A). A human influenza hemagglutinin (HA) protein tag was added to the 3’ end of the 

nanobody sequences for in vitro visualization, and an Axe/Txe stability mechanism was 

Gurbatri et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2020 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cloned into the vector to prevent plasmid loss during bacterial replication (33). The plasmid 

was then transformed into the probiotic strain, E. coli Nissle 1917, containing a genomically 

integrated luxCDABE cassette for bacterial tracking in vivo (EcN-lux) (34). E. coli Nissle 

1917 was chosen as a therapeutic vehicle for its proven safety, as it is currently prescribed 

for oral administration in humans, as well as its ease in genetic manipulation for the delivery 

of cancer therapeutics (35–37).

Optimization of the therapeutic release mechanism

We next sought to maximize therapeutic efficacy by optimizing a synchronized lysis circuit 

whereby a bacterial population lyses once a critical density or quorum is reached, effectively 

releasing its therapeutic payload (18). Such circuits have been shown to aid in tumor-

selective bacterial production, population limitation, and periodic therapeutic release, 

thereby serving multiple purposes critical for translational efforts (18). However, one 

drawback of the original system is its reliance on plasmids, which could lead to 

recombination, mutations, and plasmid loss during the bacterial growth cycle (38, 39). To 

make this circuit more translationally-relevant and stable, the original two-plasmid system 

was combined into a single operon on a plasmid and subsequently integrated into the 

genome of EcN-lux. Here, the quorum-sensing plux promoter drives transcription of the 

quorum-sensing gene, luxI, and the phage-derived lysis gene, ϕX174E (Fig. 2A, fig. S2B).

Although genomic integration offers stability, it also reduces the copy number of quorum-

sensing genes, prompting us to explore how this reduction would affect therapeutic 

production. Using a system of ordinary differential equations, we modeled the dynamics of 

the circuit variants differing in copy number of the luxI and ϕ X174E genes (see 

“Mathematical model” in Materials and Methods). We first simulated two quantities: (a) 

number of bacteria required for the first lysis event and (b) time required to reach the first 

lysis event. We observed that decreasing copy number monotonically increased the number 

of bacteria required, but time to lysis displayed non-monotonic behavior (Fig. 2B). To 

further understand how these parameters ultimately influence therapeutic production, we 

additionally simulated the amount of protein released by the copy number variants over time 

(Fig. 2C). Together, these simulations suggested that the single copy variant produces the 

greatest amount of therapeutic protein across experimentally-relevant copy numbers.

To validate our simulations, we built a library of plasmid variants covering a range of copy 

numbers for the quorum-sensing genes, including a single genomic integration of the operon 

into the ϕ80 site of the EcN-lux strain (synchronized lysing integrated circuit – SLIC) (Fig. 

2A). Tracking of bacteria concentration over time in 96-well plates suggested that more 

copies of luxI and ϕX174E lead to lysis at a lower bacteria concentration with a rapidly 

decaying relationship (Fig. 2D, data file S1). Furthermore, lower copy number variants 

generally required more time to reach a critical density, but the relationship exhibited non-

monotonic behavior, consistent with our simulations (Fig. 2D). To experimentally validate 

the relationship between copy number and therapeutic production, we transformed each 

circuit variant plasmid (fig. S2B) and our therapeutic plasmid engineered to constitutively 

produce sfGFP (fig. S2A) into EcN-lux and tracked fluorescence in a plate reader over time. 

We observed a pattern similar to our simulations, where the lowest copy number produced 

Gurbatri et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2020 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the most sfGFP in a given time period compared to higher copy number variants (Fig. 2E). 

Taken together, these results suggest that the non-monotonic behavior is due to a higher 

amount of basal lysis when high copy numbers of the ϕX174E gene are present, resulting in 

slower growth, longer time to reach quorum and lysis, and ultimately lower therapeutic 

production.

We next tested whether the lowest copy number variant, SLIC, and the highest copy number 

variant with a compatible origin of replication to our high-copy therapeutic plasmid, SLC-

p15A, demonstrated lysis behavior and predictable dynamics in vivo. To more accurately 

replicate a therapeutic setting, we transformed both variants with either the CTLA-4nb- or 

PD-L1nb-producing plasmid and dosed mice with an equal parts mix of SLIC bacteria 

expressing nanobodies against PD-L1 or CTLA-4 (SLIC-2). Using a syngeneic A20 hind 

flank tumor model, we intratumorally injected tumors with SLIC-2 or SLC-p15A-2 (equal 

parts mix of p15A circuit variant bacteria expressing PD-L1nb or CTLA-4nb) and monitored 

bacteria luminescence from the integrated luxCDABE cassette in tumors over time using an 

In-Vivo Imaging System (IVIS). The image sequences suggest that SLIC-2 reaches a higher 

bacterial luminescence than SLC-p15A-2 and that the SLC-p15A-2 strain appears to reach 

quorum within 24 h (Fig. 2F). Further quantitative analysis of the images indicates that the 

total flux value –a proxy for the number of bacteria required for lysis – of the SLIC-2 strain 

is about three times greater than that of the SLC-p15A-2 strain and takes approximately 

twice as long to reach the first lysis event (Fig. 2G). These in vivo results are consistent with 

patterns observed in the simulations and in vitro experiments. Additionally, intratumoral 

treatment with SLIC-2 also demonstrated a superior antitumor effect in vivo compared to 

SLC-p15A-2 (Fig. 2H, fig. S3). Altogether, our simulations provided further insight into the 

underlying parameters governing the dynamics and observed differences in the therapeutic 

efficacy of the lysis circuit variants, leading us to select SLIC as the optimal therapeutic 

release mechanism.

Characterizing the underlying immune response to probiotically-delivered checkpoint 
inhibitors

Following optimization of the therapeutic release mechanism, we characterized the efficacy 

of our therapeutic platform in an A20 lymphoma murine model, where previous literature 

reports antitumor effects when treated repeatedly with a combination of anti-PD-L1 and 

anti-CTLA-4 mAbs (31). Using a hind flank syngeneic model, we treated both flank tumors 

multiple times intratumorally and observed significant therapeutic efficacy in SLIC-2-treated 

mice compared to those treated with the control strain (P < 0.0001), with tumors partially or 

completely regressing, an increased survival benefit, and no visible hepatic metastases (Fig. 

3A-C, fig. S4A). Consistent with literature, we also observed that some treated tumors were 

unresponsive to the checkpoint blockade therapy (31, 40). In mice that did not respond to the 

SLIC-2 treatment, no metastatic lesions were found upon ex vivo analysis, suggesting that 

an immune response may still have been mounted to clear or prevent the formation of 

metastases (Fig. 3C, D). To further understand the underlying immune response of the 

observed therapeutic effect, we immunophenotyped A20 tumors by flow cytometry and 

observed an increase in the frequency of activated CD8+ T cells (CD8+IFNγ+TNFα+) and 

an increase in the activation and proliferation of conventional CD4+ T cells (CD4+FOXP3–
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IFNγ+ and CD4+FOXP3–Ki67+) in SLIC-2-treated tumors (Fig. 3E-G). Furthermore, we 

observed a decrease in the frequency of regulatory T cells (CD4+FOXP3+) with SLIC-2 

treatment (Fig. 3H). These results suggest a shift towards more responsive and less 

immunosuppressive T cells intratumorally, potentially resulting in a more robust adaptive 

immune response and subsequently enhanced therapeutic effects in tumors treated with our 

engineered system.

Because multiple intratumoral injections are not ideal in a clinical setting, we explored 

whether a single intratumoral injection could lead to tumor regression, while also controlling 

for the individual components of the engineered system. Subcutaneous A20-bearing mice 

were injected once intratumorally with either control SLIC expressing no therapeutics, SLIC 

expressing PD-L1nb and CTLA-4nb (SLIC-2), or the crude lysate from SLIC-2. Here, we 

observed significant therapeutic differences between SLIC-2 and controls (P < 0.0001), 

suggesting that strains encoding for the SLIC circuit alone, or therapeutics alone, are not 

effective (fig. S4B). Specifically, continuous intratumoral therapeutic production enabled by 

the living SLIC-2 system is essential for tumor regression. We next investigated if a systemic 

immune response could be generated with a single intratumoral injection. In mice with dual 

flank tumors, we injected SLIC-2 into only one hind flank tumor and monitored the growth 

of both the treated and untreated tumors. With a single injection, we achieved a similar 

therapeutic effect in the treated tumor as was previously observed, with 50% of the SLIC-2-

treated tumors completely regressing (Fig. 3I, fig. S4C). In the untreated tumor, we also saw 

a significant reduction in growth rate in the SLIC-2 group compared to single therapies (P < 

0.05 for SLIC:CTLA-4nb, P < 0.01 for SLIC:PD-L1nb) and SLIC-only (P < 0.0001), 

suggesting that the specific combination of PD-L1nb and CTLA-4nb induces a potent 

abscopal effect (Fig. 3J, fig. S4D). Immunophenotyping suggests that mice treated with 

SLIC-2 have increased splenic frequencies of CD44hiCD62LhiCD4+ and CD44hiCD62Lhi 

CD8+ T cells, suggesting an expansion of central memory populations (Fig. 3K, L). Taken 

together, these data support the hypothesis that a single injection of probiotically-delivered 

checkpoint inhibitors induces a durable therapeutic response that is mediated by the adaptive 

immune system.

Exploration of the SLIC platform as a robust therapy

An advantage of our proposed therapeutic platform is the efficacy achieved with a single 

dose. Therefore, we investigated how a single injection of SLIC-2 would compare to one 

dose of a combination of clinically-relevant anti-PD-L1 and anti-CTLA-4 mAbs. We 

observed a markedly enhanced effect of our probiotic system, resulting in tumor clearance 

and prolonged survival when compared to animals treated with the antibody combination 

(Fig. 4A, fig. S5A). Furthermore, 2 weeks after treatment administration, we collected serum 

from all animals and detected lower concentrations of systemic TNFα and an increased rate 

of body weight gain in SLIC-2-treated mice when compared to the nonlysing control 

bacteria- and antibody combination-treated mice (Fig. 4B, C, data file S1). This suggests the 

need for the lysing mechanism to control bacterial population growth and local therapeutic 

delivery to prevent systemic inflammation. We hypothesize that the observed therapeutic 

difference between the antibody and probiotic therapies is due to the probiotic’s ability to 

continuously antagonize CTLA-4 and PD-L1 intratumorally, thereby circumventing the need 
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for the multiple injections vital for antibody therapy success. To further interrogate the 

robustness of this therapeutic platform, we investigated SLIC-2 efficacy against larger, more 

advanced tumors. Intratumoral injection into hind flank tumors ranging from an initial 

volume of ~ 200 mm3 to 700 mm3 resulted in either stagnated growth or complete regression 

of tumors, suggesting adequate bacterial colonization and maintenance of therapeutic 

efficacy across a broad range of tumor sizes (Fig. 4D).

Next, we sought to characterize SLIC-2 dynamics in vivo over the course of several weeks. 

Using IVIS imaging of bioluminescent bacterial populations, we were able to identify 

persistent bacterial populations within tumors, and observed sustained lysis behavior in vivo 

until the study’s endpoint of 2 weeks post-treatment (Fig. 4E, F). To confirm the 

preservation of lysis dynamics, we extracted bacterial colonies from within the tumor at 3 

and 14 days after treatment, and tracked their growth on a plate reader. We observed nearly 

100% of the plated colonies lysing at both time points (Fig. 4G), suggesting maintenance of 

the integrated lysis operon and continued oscillatory behavior in vivo for multiple weeks 

after a single treatment. Additionally, to investigate whether the bacteria remained localized, 

we performed biodistribution assays ex vivo and confirmed bacterial presence in only the 

tumor at 3 and 14 days after treatment (fig. S5B). In mice with completely regressed tumors, 

no bacteria were detected in peripheral organs, suggesting that the population was able to 

clear itself once the tumor had cleared, most likely due to the lack of necrotic core needed to 

sustain bacterial growth (fig. S5B). From mice where the tumor had not completely 

regressed, we isolated therapeutic plasmids from the extracted bacterial colonies and 

confirmed that there was a lack of therapeutic plasmid loss (fig. S5C). Moreover, Sanger 

sequencing was used to verify the nanobody sequences, and no mutations at the nucleotide 

level were found.

After characterizing the therapeutic system intratumorally, we next assessed the translational 

potential of the system by delivering SLIC-2 systemically. We observed that a single 

intravenous injection results in a significant therapeutic effect (P < 0.0001, Fig. 4H, fig. 

S5D). Similar to experiments for intratumoral delivery, we observed durable oscillations in 

vivo, and ex vivo analysis showed 100 percent of the extracted bacterial colonies lysing (Fig. 

4I, J). Furthermore, biodistribution analysis indicated that bacteria only existed within the 

tumor because no bacterial populations were detected in the lung, liver, spleen, or kidney 14 

days after treatment (Fig. 4K). All mice tolerated systemic delivery of the probiotic therapy, 

as evidenced by the lack of decrease in mouse body weight (fig. S5E, data file S1). 

Altogether, these data suggest the efficacy, stability, and safety of the SLIC-2 platform 

across multiple delivery methods.

Determining the versatility of the probiotic system in an immunologically “cold” cancer

To assess the broader applicability of our approach, we tested SLIC-2 in a less immunogenic 

CT26 colorectal cancer model (41, 42), where immunohistochemistry (IHC) staining for 

CD3+ T cell populations demonstrates that CT26 tumors have fewer infiltrating T cells than 

A20 tumors (Fig. 5A). We performed multiple and single injections of the SLIC-2 system in 

subcutaneous CT26 tumors and observed a moderate, but significant (P < 0.0001 for 

multiple injection, P < 0.005 for single injection) therapeutic benefit (fig. S6A, B). We 
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hypothesized that the therapeutic effect of SLIC-2 may wane in a less immunogenic model 

because of minimal infiltrating T cells for the checkpoint nanobodies to engage 

intratumorally. As expected, when we directly compared the SLIC monotherapies to their 

respective mAbs, therapeutic efficacy was similar between the two therapies and we did not 

see any substantial reduction in tumor growth rate, though therapy was more efficacious than 

the control bacteria strain (fig. S7). However, further interrogation of the underlying tumor 

histology indicated a higher dirty necrosis score in SLIC:PD-L1nb-treated tumors than those 

treated with anti-PD-L1mAb, suggesting fewer viable tumor cells and more neutrophils 

present in SLIC:PD-L1nb-treated TME (Fig. 5B, fig. S8). Additionally, ex vivo analysis of 

extracted SLIC:CTLA-4nb-treated tumors revealed a higher concentration of IFNγ 
intratumorally (Fig. 5C), suggesting possible increased lymphocyte activation and 

modulation of the TME to be more amenable to treatment with other immunotherapeutic 

combinations.

To expand upon this system, we sought to explore combinatorial treatments to enhance 

antitumor activity in the CT26 model. Due to its local delivery, bacterial therapy may be 

used to deliver multiple therapeutics at once without increasing toxicities – a task currently 

difficult to achieve clinically with antibodies due to systemic toxicity (43, 44). Motivated by 

recent literature exploring the use of granulocyte-macrophage colony stimulating factor 

(GM-CSF) as a cancer therapy, we hypothesized that GM-CSF could enhance activation of 

innate immune cells, indirectly recruit T cells into the TME through enhanced antigen 

presentation, and ultimately cooperate with the probiotically-produced checkpoint inhibitors 

(45–47). When we intratumorally treated both hind flanks of the syngeneic CT26 murine 

model with a single dose of equal parts of SLIC:PD-L1nb, SLIC:CTLA-4nb, and SLIC:GM-

CSF (SLIC-3), we observed an enhanced antitumor effect when compared to the 

monotherapies and a greater survival benefit (Fig. 5D, E, fig. S9A, B). Moreover, our dosing 

approach involved reducing the dose of each therapeutic strain by one-third such that the 

overall concentration of the bacterial combination delivered was equal across all groups in 

the trial. The improved therapeutic outcome suggested a useful combination of these three 

therapeutics that is well tolerated by mice, as was evidenced by the maintenance of health 

and body weight (fig. S9C, data file S1).

Discussion

Here, we have demonstrated PD-L1 and CTLA-4 antagonists being expressed and delivered 

by bacteria for cancer therapy, which allowed for local therapeutic production and improved 

antitumor activity in multiple syngeneic mouse models. Moreover, we have characterized 

PD-L1 and CTLA-4 nanobodies that can be adapted into other biological circuits and have 

optimized therapeutic release using a SLIC platform, which serves as a biocontainment 

measure to confine the bacterial population to the tumor site, thereby minimizing the risk of 

systemic toxicities.

Regarding the translational potential of our engineered probiotic platform, we have shown 

that a single dose delivered intratumorally or intravenously results in tumor regression. 

Moreover, we have demonstrated an abscopal effect, providing a potential strategy for the 

treatment of metastatic lesions if a primary tumor site is inaccessible for injection. One dose 
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of our therapeutic system resulted in durable oscillations, retention of therapeutic plasmids, 

and clearance of bacterial population once tumors have cleared. These elements are 

advantageous in a clinical setting, where minimally invasive and self-sustained therapies are 

more desirable.

Although we explored a limited number of combination approaches, cancer 

immunotherapies are often more effective in combination with other anticancer agents (48). 

Microbial-based therapeutic platforms are highly modular and convenient for the rapid 

engineering of multiple payloads that can then be delivered as a combination of probiotic 

strains. Therefore, future iterations of the SLIC system can potentially be programmed to 

produce a wide variety of immunotherapeutics to test a variety of rational therapeutic 

combinations. Furthermore, we did not evaluate differences in the therapeutic effect of 

strains with integrated therapeutic genes versus multiple plasmid copies, but hypothesize 

that having an increased therapeutic copy number is preferable for enhanced efficacy. 

Additionally, our current study did not explore the mechanism by which the bacterial lysates 

are cleared from the body. We hypothesize that any remaining bacterial lysates in the tumor 

resulting from repetitive lysis are degraded by surrounding immune cells, however further 

exploration into this process is necessary. Finally, to make the system more clinically-

relevant, other routes of therapeutic administration in more translational animal models need 

to be considered. With this in mind, we developed the SLIC system in the probiotic strain, 

E.coli Nissle 1917, which has been shown to colonize liver metastases when delivered orally 

(34), thus offering an additional translational route of therapeutic delivery for more 

advanced metastatic disease.

Altogether, we have built a stable biological circuit integrated into a probiotic with 

therapeutics analogous to the current treatment standard for optimization towards clinical 

translation. The SLIC system should help advance the cancer immunotherapy field by 

providing a durable delivery vehicle in which combination therapies can be easily explored, 

therapeutic production is sustained, and toxicities are minimized for improved checkpoint 

blockade delivery to a broader range of cancer patients.

Materials and Methods

Study design

The objective of the study was to develop a probiotic platform for localized and sustainable 

release of checkpoint blockade nanobodies within tumors using an optimized lysis 

mechanism. Nanobody functionality was characterized in vitro on A20 and CT26 murine 

cancer cell lines. Computational modeling and subsequent in vitro and in vivo experimental 

validation were used to determine optimal parameters for the genetic lysis circuit. The in 

vivo antitumor efficacy of the probiotic platform was assessed in A20 and CT26 tumors 

using both intratumoral and intravenous delivery. All mice were randomized prior to 

treatment, and caliper measurements were used to track tumor volume. Mouse weight was 

monitored as a proxy for mouse health. Mice from varying treatment groups were either 

followed to generate survival curves, immunophenotyped, or imaged to visualize bacterial 

dynamics. Unless otherwise noted, investigators were not blinded during the study. 

Statistical analysis and sample sizes were determined from previous studies (18, 23, 34). 
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Further details on sample size and replications (technical or biological) are provided in 

figure legends.

Strains and plasmids

Plasmids were constructed using Gibson assembly methods or restriction enzyme-mediated 

cloning methods. The copy number variant plasmids (pCG02) were constructed by cloning a 

geneblock (IDT) encoding a constitutively produced luxR and a single operon where luxI 
and ϕX174E are driven by the luxI promoter onto a pZS*14 plasmid backbone. The 

geneblock was also cloned into a pZSm46 plasmid backbone along with either the colE1 or 

p15A origins. For the single copy number variant, the operon was integrated into the ϕ80 site 

of E.coli Nissle 1917 using the CRIM protocol (49). The pCG01 therapeutic plasmids were 

constructed by cloning a geneblock (IDT) encoding a tac promoter and an E.coli codon-

optimized sequence for either the PD-L1 (RCSB PDB: 5DXW) or CTLA-4 (RCSB PDB: 

5E03) nanobody with a C-terminal HA tag into a modified axe/txe stabilized p246-

luxCDABE-AT plasmid (33), where the luxCDABE had been cloned out. pCG01 and 

pCG02 were transformed into electrocompetent EcN-lux. Strains were cultured in lysogeny 

broth (LB) medium with their respective antibiotics (sc101*variant: 100 μg/ml ampicillin, 

p15A variant: 100 μg/ml spectinomycin, colE1 variant: 100 μg/ml spectinomycin, and all 

with 50 μg/ml kanamycin for strains transformed with pCG01) with 0.2% glucose, in a 37°C 

shaking incubator. The protein expression plasmid was constructed by cloning a geneblock 

(IDT) that encoded an E. coli optimized sequence for either the PD-L1nb or the CTLA-4nb 

with a C-terminal 6xHis tag into the multiple cloning site of a 1-thio-D-galactopyranoside 

(IPTG)-inducible pET vector containing ampicillin resistance (100 μg/ml) and was 

transformed into NiCo21(DE3) E. coli (NEB).

Mammalian cells

CT26 and A20 cells were purchased from ATCC and cultured in RPMI-1640 (ThermoFisher 

Scientific) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. A20 

cells were grown in the same medium and additionally supplemented with 0.01% 2-

mercaptoethanol. Mammalian cells were grown inside a 37°C tissue culture incubator 

(ThermoFisher Scientific) maintained at 5% CO2.

Characterization of PD-L1 and CTLA-4 nanobodies

For purification of the rCTLA-4nb and rPD-L1nb, NiCo21(DE3) E.coli transformed with 

the purification plasmid were grown at 37°C to an OD600 of ~0.9 and induced with 1 mM 

IPTG for 16 h at 30°C. Cells were then centrifuged for 10 min at 4000 r.c.f. and resuspended 

in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0). The resuspension was then 

sonicated and lysates were centrifuged for 30 min. After this, the supernatant was loaded 

onto Ni-NTA (Qiagen) resin, washed in wash buffer (35 mM imidazole), and eluted in 250 

mM imidazole for CTLA-4nb collection or 100 mM imidazole for PD-L1nb collection. The 

eluates were dialyzed in PBS using regenerated cellulose dialysis tubing (3500 Da MWCO) 

and then filtered through a 0.2-μm filter. Aliquots were stored at −80°C. A Bradford 

Colorimetric Assay was used to quantify purified protein.
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To collect probiotically-produced nanobody protein, nonlysing bacterial strains containing 

the PD-L1nb therapeutic plasmid were grown in a 50 ml LB culture with appropriate 

antibiotics to an optical density of 0.6, then centrifuged at 3000 r.c.f. for 5 min. The bacterial 

pellet was resuspended in 5 ml of RPMI medium. Samples were frozen at −80°C, thawed in 

a 30°C incubator 5 times, and centrifuged at 3000 r.c.f. for 5 min to remove bacterial debris. 

1 ml of the resulting lysate was then filtered through a 0.2 μm filter. Western blots were used 

for protein visualization and were probed for 1 hour with the primary anti-HA antibody 

(Roche) and 1 hour with a rat-HRP (GE Life Sciences) at room temperature. Protein was 

detected using a chemiluminescent substrate.

To investigate rPD-L1nb binding, 1×106 CT26 or A20 cells were co-incubated in a 96-well v 

bottom plate with a constant concentration of a fluorescently-conjugated anti-PD-L1 mAb 

(10F.9G2 Biolegend, MIH7 Biolegend) and either dilutions of the previously prepared 

bacterial lysate containing nanobody or the purified nanobody (rPD-L1). Quantitative 

comparison of the rPD-L1nb and lysate samples suggested that bacteria grown to an OD600 

of 0.6 and mechanically lysed released ~10 μg of protein. Samples were incubated at room 

temperature for 2 h, washed with ice-cold PBS, and analyzed using a BD LSRFortessa cell 

analyzer.

To investigate rCTLA-4nb binding, splenocytes were isolated from 6- to 8-week-old female 

C57BL/6 mice, and 2×106 splenocytes/ml were stimulated with PMA (50 ng/ml; Sigma-

Aldrich) and ionomycin (1 nM; Calbiochem) and incubated at 37°C for 48 hours. 

Unstimulated and stimulated splenocytes were incubated with rCTLA-4nb at room 

temperature for 2 h and washed with ice-cold PBS. rCTLA-4nb was detected extracellularly 

with an anti-HIS antibody (Qiagen), and samples were then stained intracellularly for CD3e 

(Tonbo) and CTLA-4 (eBiosciences). All samples were analyzed using a BD LSRFortessa 

cell analyzer.

Animal models

All animal experiments were approved by the Institutional Animal Care and Use Committee 

(Columbia University, protocols AC-AAAN8002 and AC-AAAZ4470). Animals were 

euthanized when the tumor burden reached 2 cm in diameter or after veterinarian 

recommendation. Animal experiments were performed on 6- to 8-week-old female BALB/c 

mice (Taconic Biosciences) with bilateral subcutaneous hind flank tumors from an 

implanted mouse colorectal cancer cell line (CT26) or mouse B-cell lymphoma line (A20). 

Tumor cells were prepared for implantation at a concentration of 5×107 cells/ml in RPMI 

without phenol red. Cells were implanted at 100 μl per flank, with each implant consisting of 

5×106 cells. Unless otherwise stated, tumors were grown to an average volume of ~100–200 

mm3 before treatment with bacterial strains or antibodies. CT26 tumor volume was 

calculated by measuring the length, width, and height using calipers, where total volume = 

length x width x height. Because A20 tumors are less solid, measurement of tumor z 

dimension is highly variable, and therefore total volume was calculated as length x width2 × 

0.5 (50). Antibodies used for in vivo experiments included anti-mouse PD-L1 (BioXCell cat: 

BE0101) and anti-mouse CTLA-4 (BioXCell cat: BE0164), and therapeutic doses of 100 μg/
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mouse anti-PD-L1 and 200 μg/mouse anti-CTLA-4 antibodies were based on previous 

studies (51–53)

Therapeutic strain growth and administration

Bacterial strains were grown overnight in LB medium containing appropriate antibiotics and 

0.2% glucose. The overnight culture was sub-cultured at a 1:100 dilution in 50 ml of fresh 

medium with antibiotics and glucose and grown until an OD of ~ 0.05 to prevent bacteria 

from reaching quorum. Bacteria were centrifuged at 3000 r.c.f. for 5 min and washed 3 times 

with sterile ice-cold PBS. Bacteria were delivered intratumorally at a concentration of 5×108 

CFU/ml in PBS with a total of 20–40 μl injected per flank or intravenously at a 

concentration of 5×108 CFU/ml in 100 μl of PBS.

In vivo bacterial dynamics and biodistribution

All bacterial strains used were luminescent (integrated luxCDABE cassette) so they could be 

visualized with the In Vivo Imaging System (IVIS) (34). Images were taken at multiple time 

points, and Living Image software was used to quantify luminescence. At the study 

endpoint, to assess bacterial localization, tumors, spleen, and liver were weighed and 

homogenized using a gentleMACS tissue dissociator (Miltenyi Biotec; C-tubes). 

Homogenates were serially diluted, plated on LB agar plates, and incubated overnight at 

37°C. For plasmid retention analysis, tumor homogenates were also plated on LB-agar 

plates containing kanamycin. Colonies were counted and computed as CFU/g of tissue.

Histology

Tumors were extracted, fixed in 10% neutral buffered formalin, and sent to the Histology 

and Imaging Core at the University of Washington, where the tissue was processed and 

stained with hematoxylin and eosin or for CD3+ populations. The pathologist was blinded to 

sample treatments and manually scored the samples for dirty necrosis (0 = not present, 1 = 

minimal, 2 = mild, 3 = moderate, and 4 = severe, abscess like). VisioPharm software was 

used to calculate IHC signal.

Flow cytometry

For immunophenotyping of ex vivo tumor tissue, tumors were extracted on day 8, after 

bacteria treatment on days 0, 4, and 7. Lymphocytes were isolated from tumor tissue by 

mechanical homogenization and digestion with collagenase A (1 mg/ml, Roche) and 

DNAase I (0.5 μg/ml, Roche) in isolation buffer (RPMI 1640 supplemented with 5% FBS, 

1% L-glutamine, 1% penicillin/streptomycin, and 10 mM Hepes) for 1 h at 37°C. Cells were 

then filtered through 100 μm cell strainers and washed in isolation buffer before staining. A 

Ghost Dye cell viability stain was used as a live/dead marker. Extracellular antibodies used 

include: anti-B220 (BD), anti-CD4 (Tonbo), anti-CD8 (eBioscience), and anti-NKp46(BD). 

Cells were then fixed using FOXP3/transcription factor staining buffer set (Tonbo) in 

accordance with the manufacturer’s protocol and then stained intracellularly. To measure the 

production of cytokines by T cells, cells were stimulated for 2 h with PMA (50 ng/ml; 

Sigma Aldrich) and ionomycin (1 nM; Calbiochem) in the presence of brefeldin A. We 

stained for intracellular markers using the following antibodies: anti-TCRβ (BD), anti-
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Ki67(Thermo), anti-TNF (eBioscience), anti-IFNγ (Tonbo), and anti-FOXP3 (eBioscience). 

Samples were analyzed using a BD LSR Fortessa cell analyzer. FlowJo was used for all data 

analyses.

Mathematical model

We built upon the ordinary differential equation model explored in the original synchronized 

lysis circuit system (18). The following set of ordinary differential equations were derived to 

describe the bacterial population number (N, equation[1]), total extracellular acyl 

homoserine lactone (AHL) molecules (H, equation[2]), intracellular concentrations of the 

lysis protein (L, equation[3]), intracellular concentrations of the LuxI protein (I, 

equation[4]), and total concentration of therapeutic protein (P, equation[5]). In this system, 

bacteria grow logistically at a rate of μN to a maximum capacity, N0, and lyse when quorum 

is reached. AHL is produced at a rate proportional to bacterial population and is cleared out 

at a rate of μ. The lysis protein is produced at a rate proportional to copy number and is 

basally degraded (γL) and diluted as the bacterial population grows (μg). The LuxI protein 

has similar dynamics, but is further degraded by ClpXP machinery (γc) (18). The 

therapeutic protein production is proportional to the bacteria number and is basaly degraded 

(γp) and diluted as the bacterial population grows (μg). Internal production of LuxI and the 

lysis protein is described by Plux (equation[6]), and the rate of cell degradation due to lysis is 

described by the hill function, γN (equation[7]).

Model parameter values: To explore the dynamics of our library of lysis circuit variants, 

we iterated through a large range of copy numbers, with CI and CL ranging from 1 to 100, 

which is also relevant to experimental copy numbers (~1–70). Growth rate (μN) was 

experimentally-derived, and the doubling time of ~30 minutes for EcN-lux was used to 

calculate a growth rate of 0.023 min−1 for compuational simulations using the doubling time 

formula. Because growth rate and dilution due to cell growth were assumed to be equal, μg 

was set equal to μN. Other parameter values used include: α0 (Lux promoter basal 

production) 0.1, αH (Lux promoter AHL induced production) 50, h0 (AHL binding affinity 

to Lux promoter) 5, b (AHL production rate) 20, L0 (concentration of lysis gene resulting in 

half maximum lysis) 8, n (Hill coefficient of lysis function) 2, γL (basal degradation of lysis 

protein) 1.5, K (maximum rate of cell lysis) 0.05, γI (basal degradation of LuxI) 5, γC 

(CLpXP degrdadation of LuxI) 12, N0 (maximum cell population size) 10, γP (basal 

degradation of therapeutic protein) 2.02, and Pt (internal production of the therapeutic 

protein) 0.13.

dN
dt = μNN 1 − N

No
− γNN [1]

dH
dt = bNI − μH

1 + N
No

[2]
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dL
dt = CLPlux − γLL − μGL [3]

dI
dt = CIPlux − γII − μGI − γCI [4]

dP
dt = NPt − γPP [5]

Plux = αo +
αH

H
Ho

4

1 + H
Ho

4 [6]

γN = KLn

Lo
n + Ln [7]

Statistical analysis

Statistical tests were performed using GraphPad Prism 7.0, and the details of the statistical 

tests are indicated in the respective figure legends. Where data were assumed to be normally 

distributed, values were compared using a one-way ANOVA for a single variable or a two-

way ANOVA for more than one variable, with the appropriate post-test applied for multiple 

comparisons. For categorical data comparisons, data were assumed to be nonparametric and 

a Mann Whitney U Rank test was used for single variable, two-group comparisons. For 

Kaplan-Meier survival experiments, we performed a log-rank (Mantel-Cox) test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Design and characterization of a probiotic cancer therapy system for release of 
functional PD-L1 and CTLA-4 blocking nanobodies.
(A) Schematic showing the mechanism by which engineered bacteria controllably release 

constitutively produced PD-L1 and CTLA-4 blocking nanobodies intratumorally. (B) Flow 

cytometric analysis of PD-L1 expression on A20 and CT26 cells (gray: unstained; blue: PD-

L1), where the y-axis of histograms represents cell counts normalized to mode. (C) Binding 

curves of rPD-L1nb to the 10F.9G2 and MIH7 PD-L1 epitopes on A20 cells. (D-E) 
Splenocytes were isolated from healthy C57BL/6 mice and analyzed by flow cytometry for 

(D) intracellular CTLA-4 expression (gray: unstimulated CD3+ splenocytes; orange: PMA/I-

simulated CD3+ splenocytes), where the y-axis of the histogram represents cell counts 

normalized to mode and (E) rCTLA-4nb binding to extracellular CTLA-4 (gray: secondary 

anti-HIS antibody alone gated on CD3+ splenocytes; orange: rCTLA-4nb gated on CD3+ 

splenocytes), where the y-axis of the histogram represents cell counts normalized to mode.
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Figure 2: Characterization of lysis circuit variant dynamics.
(A) Lysis circuit diagram in which plux drives the transcription of luxI and ϕX174E genes 

under a single promoter. The circuit was cloned onto three plasmids with different copy 

numbers: sc101* (3–4 copies, low), p15A (15–20 copies, medium), and colE1 (70–100 

copies, high) and integrated once into the ϕ80 site of the EcN-lux genome (synchronized 

lysing integrated circuit – SLIC). (B) Computational simulation of the number of bacteria 

required for the first lysis event as a function of copy number (left y axis: black) and the 

time to first lysis event (right y axis: gray); a.u. arbitrary units. (C) Simulated heatmap of 

therapeutic protein produced (z-axis, where the amount produced is represented by the color 

bar) as a function of copy number (y-axis) and time (x-axis). (D) Experimental data showing 

the number of bacteria required for the first lysis event as a function of copy number and 

time to the first lysis event. Data represented as means +/− SEM of 3 repeated experiments. 

(E) Heatmap of sfGFP produced over time by the copy number variants as quantified by a 

plate reader; RFU, relative fluorescence units. (F) IVIS images showing bioluminescent 

bacterial populations and heatmaps quantifying the total flux (photons/second) of bacterial 

populations over time for SLIC-2 and SLC-p15A-2 variants. (G) Quantification of IVIS 

images plotting the total flux (black) of SLIC-2 and SLC-p15A-2 variant bacterial 

populations and time to first lysis event (gray). (H) BALB/c mice were implanted 

subcutaneously with 5×106 A20 cells on both hind flanks. When tumors reached ~150–200 

mm3, mice received one intratumoral injection of EcN-lux, SLIC-2 or SLIC-p15A-2. Graph 

is of mean absolute tumor trajectories (n = 4–5 tumors per group, 2-way ANOVA with 
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Bonferroni post-test, *P = 0.0172, **P = 0.0033, ****P < 0.0001, error bars represent SEM 

of biological replicates); individual tumor trajectories are shown in fig. S3.
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Figure 3: Therapeutic response to probiotically-produced checkpoint inhibitors is mediated by 
the adaptive immune system.
(A-D) BALB/c mice were implanted subcutaneously with 5×106 A20 cells on both hind 

flanks. When tumors reached ~150–200 mm3, mice received intratumoral injections of EcN-

lux, SLIC, SLIC:CTLA-4nb, SLIC:PD-L1nb, or an equal parts combination of the latter two 

strains (SLIC-2) in both flanks every 3–4 days, such that the total concentration of bacteria 

injected was 5×106 per tumor in all groups. (A) Mean absolute tumor trajectories (n = 4–7 

tumors per group, 2-way ANOVA with Bonferroni post-test, ***P < 0.0005, ****P < 

0.0001, error bars represent SEM of biological replicates); individual tumor trajectories are 

shown in fig. S4A. (B) Survival of different treatment groups (**P = 0.0011, log-rank test, n 

= 4–5 mice per group). (C-D) Aggregated data from multiple trials showing the (C) number 

of visible liver metastases identified ex vivo 40 days after tumor inoculation and (D) 
relationship beween number of liver metastases counted and the final volume of the primary 

tumor. (E-H) Tumor-infiltrating lymphocytes were isolated on day 8 after initial treatment 

and analyzed by flow cytometry for frequencies of activated (E) CD8+IFNγ+TNFα+ and (F) 
CD4+ FOXP3− IFNγ+ T cells, (G) proliferating CD4+FOXP3–Ki67+ conventional T cells, 

and (H) CD4+FOXP3+ regulatory T cells (n = 3–6 tumors per group, ordinary 1-way 

ANOVA with Tukey’s post-test, *P < 0.05, **P < 0.01, data is represented as means +/− 

SEM of biological replicates; ns, not significant). (I-J) BALB/c mice were grafted as stated 

above. When tumors reached ~150 mm3, mice received a single intratumoral injection of 
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EcN-lux, SLIC:CTLA-4nb, SLIC:PD-L1nb, or an equal parts combination of both strains 

(SLIC-2) into their left flank, such that the total concentration of bacteria injected was 5×106 

per tumor in all groups. Mean absolute tumor trajectories of the (I) treated tumor and (J) 
untreated tumor (n = 4–5 tumors per group, 2-way ANOVA with Holm-Sidak post-test, *P < 

0.05, **P < 0.01, ****P < 0.0001, error bars represent SEM of biological replicates); 

individual tumor trajectories are shown in fig. S4C-D. (K-L) Splenocytes were isolated on 

day 8 after initial treatment and analyzed by flow cytometry for frequencies of CD44hi 

CD62Lhi central memory (K) CD4+ T cells and (L) CD8+ T cells (n = 3–5 tumors per 

group, ordinary 1-way ANOVA with Tukey’s post-test, ***P < 0.001, **P < 0.01, data are 

represented as means +/− SEM of biological replicates).
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Figure 4: Single injection of probiotics expressing checkpoint inhibitors demonstrates 
robustness.
(A-C) BALB/c mice were implanted subcutaneously with 5×106 A20 cells on both hind 

flanks. When tumors reached ~150–200 mm3, mice received one intratumoral injection of 

EcN-lux, SLIC-2, or a combination of anti-PD-L1 and anti-CTLA-4 mAbs at 100 μg/mouse 

and 200 μg/mouse, respectively. (A) Mean absolute tumor trajectories (n = 8–10 tumors per 

group, 2-way ANOVA with Bonferroni post-test, ****P < 0.0001, error bars represent SEM 

of biological replicates); individual tumor trajectories shown in fig. S5A. (B) Serum 

concentrations of TNFα ( n = 3 mice per group, ordinary 1-way ANOVA with Holm-Sidak 

post-test, *P = 0.0385, data are represented as means +/− SEM. of biological replicates). (C) 
Rate of body weight change in g/day (n = 4–5 mice per group, ordinary 1-way ANOVA with 

Tukey’s post-test, *P = 0.0387, error bars represent SEM of biological replicates; ns, not 

significant). (D) Scatter plot showing each tumor’s final volume plotted against its initial 

tumor volume. Black line (y=x) represents the threshold where points below the line indicate 

tumor regression and points above the line indicate tumor growth. (E) Representative IVIS 

images of mice from the experimental groups described above, where mice were dosed once 

with nonlysing EcN-lux or SLIC-2. (F) Heatmaps quantifying total flux (photons/second) of 

luminescent bacteria populations over time, corresponding to IVIS images. (G) Plate reader 
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experiment showing the oscillations of plated colonies from tumors harvested on days 3 and 

14 after treatment and a grid showing the number of successful lysis events. (H-J) A20-

bearing mice were grafted as stated above, and mice received a single intraveneous injection 

of either 5×106 EcN-lux or SLIC-2 via tail vein. (H) Mean absolute tumor trajectories (n = 

9–11 tumors per group, 2-way ANOVA with Bonferroni post-test, ****P < 0.0001, error 

bars represent SEM of biological replicates); individual tumor trajectories shown in fig. 

S5D. (I) Representative IVIS images from mice treated with SLIC-2 and a heatmap 

quantifying the total flux (photons/second) of luminescent bacterial populations over time. 

(J) Plate reader experiment showing the oscillations of colonies plated from tumors 

harvested on day 14 after treatment and a grid of the number of successul lysis events. (K) 
Biodistribution of bacterial populations in the tumor and peripheral organs (liver, lung, 

spleen, and kidney) calculated as colony-forming units per gram of tissue (CFU/g).
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Figure 5: The SLIC platform allows for multiple therapeutics to be effectively combined for an 
enhanced antitumor effect in poorly immunogenic cancers.
(A) When A20 or CT26 tumors reached ~100–200 mm3, mice received an intratumoral 

injection of PBS, and tumors were IHC stained for CD3+ populations (n = 4–5 tumors per 

group, unpaired T test, *P = 0.048, data represented as means +/− SEM of biological 

replicates). (B-C) BALB/c mice were implanted subcutaneously with 5×106 CT26 cells on 

both hind flanks. When tumors reached ~100–200 mm3, mice received an intratumoral 

injection of EcN-lux, SLIC:PD-L1nb, or SLIC:CTLA-4nb, or an intraperitoneal injection of 

anti-PD-L1 or anti-CTLA-4 mAbs. Tumors were extracted and processed for subsequent 

analysis. (B) Dirty necrosis scores of tissue samples from tumors treated with EcN-lux, 

SLC-int:PD-L1nb, or anti-PD-L1 mAb (***P = 0.007 Mann-Whitney Test ordinal non-

parametric between SLIC:PD-L1nb and anti-PD-L1 mAb, n = 6–8 scores per group, data 

represented as means +/− SEM of biological replicates). (C) IFNγ concentration in 

SLIC:CTLA-4nb-treated tumor lysates measured by Luminex Multiplex Assay (n = 3 

tumors per group, ordinary 1-way ANOVA with Holm-Sidak post-test, *P = 0.0390, data 

represented as means +/− SEM of biological replicates). (D-E) BALB/c mice were 

implanted subcutaneously with 5×106 CT26 cells on both hind flanks. When tumors reached 
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a volume of ~200 mm3, mice received a single intratumoral injection of SLIC, an equal parts 

mix of SLIC bacteria expressing PD-L1nb and CTLA-4nb (SLIC-2), or an equal parts mix 

of SLIC bacteria expressing PD-L1nb, CTLA-4nb, and GM-CSF (SLIC-3). (D) Mean 

absolute tumor trajectories (n = 5–6 tumors per group, 2-way ANOVA with Bonferroni post-

test, ****P < 0.0001, error bars represent SEM of biological replicates); individual tumor 

trajectories shown in fig. S9B. (E) Survival of different treatment groups (*P = 0.0377, Log-

rank test, n = 4–5 mice per group).
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