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Abstract

Engineered microbes are rapidly being developed for the delivery of therapeutic modalities to 

sites of disease. Escherichia coli Nissle 1917 (EcN), a genetically tractable probiotic with a 

well-established human safety record, is emerging as a favored chassis. Here we summarize the 

latest progress in rationally engineered variants of EcN for the treatment of infectious diseases, 

metabolic disorders, and inflammatory bowel diseases when administered orally, as well as 

cancers when injected directly into tumors or the systemic circulation. We also discuss emerging 

studies that raise potential safety concerns regarding these EcN-based strains as therapeutics 

due to their secretion of a genotoxic colibactin that can promote the formation of DNA double-

stranded breaks in mammalian DNA.

E. coli Nissle 1917 is a chassis of choice for developing smart microbes

Over a century ago, during the pre-antibiotic era, in his quest to identify E. coli from 

healthy individuals that inhibit the in vitro growth of pathogenic E. coli and related species, 

Dr. Alfred Nissle isolated one such strain from a World War I soldier1, 2. This strain, E. 
coli Nissle 1917 (EcN), was subsequently found to have both intrinsic anti-bacterial and 

anti-inflammatory properties (for review, see3). This led to its long history of use in Europe 

and Canada, under the trade name of Mutaflor®, for the treatment of inflammatory bowel 
diseases (IBD) (see Glossary)3. Given its proven human safety record, GRAS (generally 

regarded as safe) status, genetic tractability and the growing tools of synthetic biology 
(Box 1), EcN is emerging as a common chassis for the development of smart microbes. 

While the focus of this review is on EcN-based therapeutics, efforts are also underway 
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to develop variants of other gastrointestinal commensal organisms, including Lactococcus, 
Lactobacillus, and Bacteroides species (see Charbonneau et al4 and Kelly et al5 for recent 

reviews). At this point, it is unclear which platforms and chassis will prove to be most 

efficacious. Here we provide a summary of recently developed EcN variants engineered 

for the treatment of inflammatory, infectious, and metabolic diseases and cancer (Table 1). 

In addition, we highlight avenues for further development of EcN-based therapeutics and 

review recent safety concerns regarding its use.

Enhancing the antimicrobial properties of EcN

A recent area of development of EcN-based therapies is the generation of variants 

engineered to secrete antimicrobial proteins into the intestinal lumen that target the killing of 

gastrointestinal bacterial pathogens, i.e., Salmonella, as well as commensal strains that can 

lead to the development of opportunistic infections, i.e., Enterococci6 and Pseudomonas 
aeruginosa. The overall strategy of each of these groups has been to outfit EcN to release 

bacteriocins, ribosomally-synthesized secreted antimicrobial proteins that inhibit the growth 

of related bacterial species7, 8.

EcN encodes two small bacteriocins, i.e., microcins, only one of which has been established 

to be expressed and secreted, in this case, within the inflamed gut or when grown under 

iron-limiting conditions in the laboratory9. Each of the EcN strains discussed below has been 

engineered to enhance the repertoire of EcN bacteriocins and to expand the conditions under 

which they are released. This is not as straight forward as heterologously expressing the 

gene encoding a bacteriocin in EcN. Rather, it is necessary to additionally outfit EcN such 

that it can process and secrete the bacteriocins.

The secretion of microcins across the inner membrane of EcN and other Gram-negative 

bacteria is mediated by dedicated ABC transporters, complex transmembrane proteins, after 

which they are secreted via porins present in the outer membrane into the surrounding 

extracellular space (for review, see10, 11). Two groups independently engineered EcN to 

secrete either MccJ2512 or MccH4713, each of which target the killing of E. coli and 

Salmonella. In the first case, Forkus and colleagues developed EcN MccJ25, EcN that 

secretes MccJ25. To enable high level expression of Mcc25, the gene encoding its precursor, 

mcjA, was placed with that encoding ProTeOn, a synthetic transcription factor, in an 

operon that is controlled by ProTeOn, thus generating a positive feedback loop (Fig. 

1A)14. The enzymes needed for its processing and the ABC transporter were positioned 

downstream of this operon under the control of a constitutive promoter. In the second 

case, Palmer and colleagues developed EcN-pttrMcH47, EcN that secretes MccH47, a 

microcin that also targets E coli and Salmonella. In this case, they engineered EcN to 

express MccH47 upon sensing tetrathionate, a reporter of gut inflammation15. This was 

accomplished by engineering a hybrid operon, in which genes encoding proteins needed for 

sensing tetrathionate are positioned upstream of those involved in MccH47 biosynthesis and 

secretion (Fig. 1B)16.

In the next two instances, the investigators developed platforms that enable EcN to secrete 

bacteriocins from more distantly related species, i.e., Gram-positive Enterococci and non-
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enteric Gram-negative Pseudomonas aeruginosa, both of which can cause difficult to treat 

antibiotic-resistant opportunistic infections. In the case of the Gram-positive enterocins, 

Geldart and colleagues fused three Enterococci specific bacteriocins, enterocin A, enterocin 

B and hiracin JM79, to an N-terminal E. coli microcin V secretion tag. These amino acids 

are cleaved off as the hybrid microcins are secreted across the MccV autotransporter13. They 

then introduced the genes encoding these fusion proteins into the MPES (Modular Peptide 

Expression System), whereby they are encoded in a positive feedback circuit with those 

encoding ProTeOn and the MccV ABC transporter (Fig. 1C)17.

In the case of the pyocins, Hwang and colleagues developed Sense-Kill-EcN SED, EcN 

engineered to specifically sense and target Pseudomonas aeruginosa (Fig. 1D)18, 19. While 

P. aeruginosa is not typically a component of the gut microbiota, it can be found in the 

intestines of patients treated with broad-spectrum antibiotics. Sense-Kill-EcN is designed to 

expresses four heterologous proteins: LasR, a transcription factor activated upon binding to a 

small quorum-sensing (QS) molecule secreted by P. aeruginosa; Lysis E7, a phage bacterial 

lysis protein, Dispersin B (DspB), a biofilm disruptor, and Pyocin S, a P. aeruginosa-

bacteriocin. E7-mediated lysis of Sense-Kill-EcN SED releases DspB and Pyocin S, which 

work synergistically to eradicate P. aeruginosa.

When engineering EcN to secrete bacteriocins, high-level expression/secretion of these 

antimicrobial proteins is likely desired. Thus, motivating the placement of these gene 

circuits on multi-copy plasmids. Using a variety of experimental approaches, each of the 

five bacteriocin-secreting strain was demonstrated to secrete functional bacteriocins and four 

of the strains were studied in preclinical models where they have shown variable levels of 

efficacy in eradicating the intestinal colonization of the targeted bacterium. Mixed results 

were observed when investigating the ability of EcN MccJ25 to limit the colonization of 

Salmonella enteritidis in the gastrointestinal tract of turkeys and of EcN BHA to limit 

the growth of E. faecium or E. faecalis, two common etiologies of vancomycin resistant 

enterococci (VRE), in the intestines of mice. The bacteriocins in both these strains are 

encoded on a plasmid that is maintained in EcN via antibiotic selection. It seems likely that 

the mixed results reflect plasmid loss, a possibility that was not investigated.

In preclinical Caenorhabditis elegans and mouse models of gastrointestinal Pseudomonas 
infections, Sense-Kill-EcN SED reduced intestinal colonization when administered as a 

prophylactic or therapeutic intervention. In this case, to ensure maintenance of the plasmid-

encoded ‘sense-kill’ circuit, the investigators used an auxotrophic selection scheme. This 

was achieved by developing a variant of EcN incapable of synthesizing D-alanine, an 

essential bacterial cell wall component, such that growth of the strain is dependent on the 

presence of D-alanine supplementation or the introduction of an alanine racemase-encoding 

plasmid.

These recently developed strains demonstrate how outfitting EcN to secrete bacteriocins 

can serve as an intervention for the prevention and treatment of intestinal infections. They 

build upon earlier work whereby a variant of EcN was engineered to secrete CAI-1, a 

quorum sensing factor which limits the expression of Vibrio cholerae virulence factors, was 

demonstrated to limit V. cholerae virulence in a mouse model20. In the future it is likely that 

Lynch et al. Page 3

Trends Pharmacol Sci. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EcN will be engineered to secrete factors that synergize to inhibit growth of GI pathogens 

and commensals, including bacteriocins, quorum sensing molecule and proteins that inhibit 

specific virulence determinants, i.e., nanobodies that inhibit the activity of bacterial toxins21 

and essential secreted virulence determinants22.

Engineering EcN for the treatment of inflammatory bowel disease

Inflammatory bowel diseases (IBD) are commonly treated with systemically administered 

agents that suppress inflammation. Some of the more immunosuppressive and effective 

agents, including monoclonal antibodies that neutralize TNFα, are associated with an 

increased risk of developing life-threatening infections as well as lymphoma. Due to its 

inherent anti-inflammatory properties, EcN is used for the treatment of patients with IBD, 

where it has been demonstrated to be as effective as an oral agent in limiting IBD flares23. 

However, EcN is not always effective24, 25. To enhance its therapeutic efficacy, several 

groups recently sought to enhance its ability to promote intestinal mucosal healing by 

engineering EcN to produce molecules naturally involved in this process. These engineered 

variants have the potential of acting directly at the main site of disease, the intestines, thus 

limiting off-target effects. Each group has developed an innovative means to enable EcN to 

secrete or display a therapeutic payload, as EcN, like most Gram-negative bacteria, does not 

secrete substantial levels of proteins into its surroundings.

In the first study, Praveschotinunt and colleagues developed the PATCH (Probiotic 

Associated Therapeutic Curli Hybrid) system26, a platform for the display of high 

concentrations of proteins on the surface of EcN. This is accomplished by fusing self-

assembling protein (CsgA) subunits to a protein of interest. Once secreted, the CsgA fusion 

proteins form Curli, nanofibers that extend from the surface of the bacteria. PBP8 CsgA-

TFF3 is a variant of EcN that express CsgA fused to TFF3, a trefoil factor that promotes 

mucosal healing, along with the proteins needed to promote export of CsgA-TFF3. This 

gene circuit is carried on a plasmid maintained via antibiotic selection and expressed via an 

arabinose-dependent (PBAD) promoter (Fig 2A)26. In the second study, Yu and colleagues 

introduced the genes encoding a lipase ABC transporter from Erwinia chrysanthemi into 

the chromosome of EcN27, which they engineered to recognize and secrete transforming 
growth factor beta (TGF-ß1), another protein that promotes mucosal healing. In this way 

they generated EGF-EcN, a variant that constitutively secretes TGF-ß1 into the intestinal 

lumen (Fig. 2B).

The therapeutic efficacy of PBP8 CsgA-TFF3 and EGF-EcN were each investigated in a 

mouse dextran sodium sulphate (DSS)-induced colitis model of IBD. PBP8 CsgA-TFF3 

demonstrated some improvement in markers of colitis and a modest, but statistically 

non-significant, reduction in histopathology scores. While treatment with EGF-EcN was 

efficacious in both preventing and treating DSS-induced colitis in mice, the magnitude of 

protection was more effective when administered as a prophylactic intervention. While these 

platforms have demonstrated proof of concept, there is room for improvement for each, 

which potentially could be achieved by increasing the levels of TFF3 and TGF-ß1 that are in 

proximity to the intestinal mucosa.
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In the third study, Cui and colleagues focused on targeting EcN colonization to specific 

loci in the gastrointestinal tract28. Thus, they engineered EcN to express, in a blue-light 

responsive manner, Ag43, an adhesin that promotes biofilm formation, that they propose 

enables the bacteria to form “bio-glues” that enhance bacteria survival in the gastrointestinal 

tract (Fig. 2C). By co-administering Lresb EcN with particles that contain upconversion 

microgels (UCMs), which convert near-infrared light (NIR) to blue light, they found 

that it is possible to promote the expression of Ag43 within the gastrointestinal tract by 

exposing the mice to a NIR light. By controlling the timing of exposure of mice to NIR 

post-administration of EcN and UCMs, colonization of the small intestines versus the colon 

can be favored, although the magnitude of increased localized colonization to each region 

was low. Nevertheless, a variant engineered to constitutively secrete TGF-ß1 by fusion to 

an OmpA signal sequence was effective in ameliorating disease in a DSS-induced chronic 

colitis model

EcN-, Lactococcus lactis- and Saccharomyces cerevisiae-based platforms targeting the 

modulation of cytokines29, 30, purines (e.g., ATP)31, and the microbiota32 have also 

demonstrated success in preclinical models of colitis. In the future, it is likely that each 

of these platforms, and others, could be expanded for the site-specific delivery of multiple 

therapeutic payloads, including those that promote mucosal healing as well as block the 

activity of pro-inflammatory cytokines.

Rewiring EcN for the processing of toxic metabolites.

EcN-based therapeutics are emerging as a platform for the treatment of diseases associated 

with the accumulation of toxic metabolites. The strategy in this situation is to enhance 

the ability of EcN within the gut to convert the toxic metabolites, including ammonia and 

phenylalanine into non-toxic forms, thereby limiting their absorption and distribution via 

systemic circulation.

Patients with extensive liver disease, i.e., cirrhosis, and those with inborn mutations in 

ammonia-metabolizing enzymes (urea cycle disorders) develop hyperammonemia. If not 

lowered, circulating ammonia can lead to neurologic sequelae, including the development 

of hepatic encephalopathy. To enhance the consumption of ammonia in the intestines, 

Kurtz and colleagues rewired EcN to efficiently channel gut ammonia into the L-arginine 

(L-arg) biosynthesis pathway33. The resulting strain, SYNB1020, lacks ArgR, a negative 

regulator of this biosynthetic pathway, and expresses a feedback-resistant variant of ArgA, 

a L-arg biosynthesis enzyme. The modified ArgA is expressed via the hypoxic induced 

promoter PfnrS, which promotes high-level expression but only when the bacteria are grown 

in anaerobic conditions, including the gut. To ensure that this strain does not replicate within 

the gut or once shed in stool, it was also engineered as a thymine auxotroph.

Patients with Phenylketonuria (PKU), an inborn error of phenylalanine metabolism, also 

have issues with toxic metabolites. In this case, they have elevated levels of circulating 

phenylamine which like ammonia can lead to the development of neurologic damage. These 

patients are deficient in the production of phenylalanine hydroxylase (PAH), a key enzyme 

involved in phenylalanine degradation. The current mainstay of therapy is strict limitation of 
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dietary protein. To enhance the consumption of phenylalanine in the intestines, Isabella and 

colleagues have developed SYNB1618 and SYNB1934, variants of EcN engineered with 

three chromosomally inserted gene circuits that promote phenylalanine metabolism34, 35. 

Within the hypoxic gut environment, both expresses a phenylalanine transporter (PheP), 

which promotes uptake of the amino acid into bacteria, and phenylalanine ammonia lyase 

(PAL), an enzyme that converts phenylalanine to a non-toxic metabolite, trans-cinnamate, 

each under the control of the hypoxic induced promoter PfnrS. The genetically engineered 

PAL variant present in SYNB1934 is approximately two-fold more active than that found 

in SYNB161835. Both strains also express L-amino acid deaminase (LAAD), a protein 

that metabolizes phenylalanine to non-toxic phenylpyruvate under aerobic conditions, via 

an arabinose inducible promoter. Arabinose is added to the fermentation process such that 

LAAD is expressed when SYNB1618 initially enters the gastrointestinal tract.

SYNB1020, SYNB1618, and SYNB1934 have been engineered to be auxotrophic for 

thymine and/or diaminopimelic acid, which ensures that they cannot replicate outside 

of the gut, unless grown in supplemented media. This is a biocontainment strategy to 

alleviate concerns regarding their introduction into the environment. In terms of therapeutic 

efficacy, oral administration of each of the three strains demonstrated efficacy in preclinical 

mouse models of their respective target diseases. SYNB1618 also exhibited efficacy in a 

non-human primate model34.

All three strains have advanced to human trials. SYNB1020 was well tolerated in a phase 

1 trial and was associated with increased levels of circulating nitrate, a biomarker of strain 

activity. However, a phase 2a trial with the strain was terminated due to lack of improvement 

in circulating ammonia levels in cirrhotic patients, although the strain did lower levels of 

circulating nitrate, suggesting that the strain was active, but likely not as metabolically active 

as needed. Results from a SYNB1618 phase 1/2a indicated that it is well tolerated and 

increases levels of predicted metabolites in plasma and urine36. A phase 2 clinical trial is 

currently underway to test efficacy of SYNB1618 and the second-generation, more potent 

SYNB1934 in patients with PKU. Whether or not these strains have metabolic capacity to 

achieve therapeutic efficacy in the target patient population, remains to be seen. However, 

if needed, Adolfsen and colleagues have developed an innovative platform to screen their 

greater than 1-million member mutant PAL library, which they can use to screen for variants 

with increased activity within the hypoxic acidic environment of the gut35.

Outfitting EcN for the treatment of cancer

The pioneering studies of William Coley in the late 19th century revealed the potential of 

pathogenic bacteria as anticancer agents and engineering bacteria as anticancer agents has 

become a burgeoning area of research, for review see37, 38. EcN shows a propensity to home 

to and proliferate to titers on the order of 108–1010 CFU/g in tumors. However, its presence 

does not induce a marked immune response or tumor eradication39–42. These observations 

have led to a surge in efforts to engineer EcN to promote anti-tumor immunity (Box 2), 

which we review below.
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STING (STimulator of INterferon Genes) agonists are emerging as a new means for the 

treatment of tumors, as they act to boost intratumoral immune responses. As a potential 

means to deliver STING agonists directly to tumors, Leventhal and colleagues developed 

SYNB1891, an EcN variant that expresses the Listeria monocytogenes Diadenylate cyclase 

(DacA) enzyme via the Pfnrs hypoxia-induced promoter and thus produces high levels of 

cyclic AMP, a STING agonist (Fig. 3A)43. SYNB1891, like SYNB1618 is auxotrophic for 

thymine and diaminopimelic acid. In vitro studies showed that the uptake of SYNB1891 

into phagocytic cells triggered the secretion of interferons, while in mouse studies, the 

direct injection of the strain into a cold mouse tumor promoted its clearance and induced 

the development of immunological memory that prevented tumor relapse. SYNB1891 is 

currently being tested in a phase I clinical trial.

Therapies that block immune checkpoint molecules (e.g., PD-L1 and CTLA-4) have 

revolutionized the treatment of hot immunogenic tumors; however, their systemic 

administration is associated with off-target effects, which lead to immune-related adverse 

events (irAEs). To enable the direct delivery of therapeutic payloads to tumors, Gurbatri 

and colleagues developed EcN with a SLIC (synchronized lysing integrated circuit) platform 

(Fig. 3B)44, 45. This circuit, like that present in Sense-Kill EcN SED, uses quorum-sensing 

to trigger EcN lysis via expression of the E7 lysis protein. However, in this case, EcN 

itself are the source of the QS-molecule. SLIC contain a synthetic operon whereby the 

gene encoding LuxI, the protein that produces the QS molecule, is located upstream of 

that encoding the E7 lysis protein. LuxR, the transcription factor activated upon by the 

QS-molecule, is constitutively expressed. QS molecules produced by SLIC diffuse from 

one bacterium to another such that once a critical threshold concentration is reached the 

bacteria undergo synchronized lysis. SLIC strains that constitutively express anti-PD-L1 

Nb (nanobody), anti-CTLA-4 Nb and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) were tested individually and in combination for their ability to efficiently 

promote anti-tumor immunity and tumor growth in several mouse cancer models. When 

used in combination the Nb-producing strains were efficacious in the treatment of hot 

tumors, while all three strains were needed in the case of cold tumors.

EcN has also been engineered to enhance the availability of the phytochemical 

sulphoraphanes, an anti-tumor compound derived from glucosinolates found in cruciferous 

vegetables. Ho and colleagues engineered Eda-l1-HlpA to constitutively secrete horseradish 

myrosinase fused to a YebF secretion sequence46. This strain also is designed to express 

Streptococcus gallolyticus HlpA on its outer surface. HlpA promotes interactions with 

heparin sulfate proteoglycan on the surface of colorectal tumors46. To display HlpA on the 

surface of EcN it is fused to an ice nuclease protein (Fig. 3C). When administered with a 

cruciferous vegetable diet, mice receiving the resulting strain Eda-l1-HlpA exhibited smaller 

and fewer colorectal tumors in a chemically induced model of colorectal cancer (CRC).

Given evidence that the limited availability of L-arginine in tumors restricts T cell 

responses47, Canale and colleagues investigated whether L-Arg EcN, an EcN variant 

optimized for the conversion of ammonia to L-Arginine, promotes T cell activation and 

inhibits tumor growth48. This strain contains the same modifications in this biosynthetic 

pathway as described above for SYNB1020. When directly injected into tumors, L-Arg EcN 
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reached similar titers as unmodified EcN, but, in contrast, was associated with elevated 

levels of intratumor arginine and increased tumor-infiltrating T cells. While the presence 

of the strain alone did not affect tumor growth, co-administration of anti-PD-L1 blocking 

antibodies led to a significant reduction in the growth of immunogenic hot tumors. When T 

cells engineered to target the tumor were added, this intervention also inhibited growth of 

poorly immunogenic cold tumors.

Here we have chosen primarily to focus on engineered EcN variants that promote the 

development of anti-tumor immune responses. In addition, other engineered EcN strategies 

have recently been developed for the targeted delivery of chemotherapeutic agents including 

doxorubicin49 and P53 and Tum-550 to tumors. Collectively, these promising findings pave 

the way for EcN-based cancer therapeutics and raise interesting questions. For example, 

what EcN determinants promote its homing to and replication in tumors? Does the presence 

of the engineered EcN lead to immune responses that result in its clearance from tumors? Is 

there a risk of infection associated with their administration, particularly when given to those 

who are immunosuppressed due to their malignancies or related treatments?

Revisiting the safety of EcN

EcN has been administered to patients for over a century and there have been few reports of 

adverse events in the literature. However, like other members of the B2 phylogenetic group 

of E. coli, EcN contains a pks genomic island. This island encodes enzymes that mediate the 

synthesis of colibactin, a genotoxin capable of alkylating DNA and inducing double-strand 

breaks51. This is of concern, as in several mouse models, other colibactin-producing E. 
coli have been observed to promote the development of colorectal cancer (CRC)52–57, and 

human organoids exposed to certain pks+ E. coli exhibit colibactin-dependent mutational 

signatures also found in human CRCs58.

Whether EcN is pro-tumorigenic is not yet known. It was originally thought that EcN does 

not produce colibactin59. However, colibactin was recently detected in EcN supernatants and 

cell lines exposed to EcN have been found to exhibit evidence of colibactin-dependent DNA 

cross-linking and mutations60. In animal models where EcN has been orally administered 

to germ-free anexic mice and 8-day old SPF (specific pathogen free) mice, their intestinal 

epithelial cells exhibited evidence of DNA damage60, which was not observed when mice 

were inoculated with variants that carry mutations in clbA or clbP, genes encoded in the 

pks island that are directly involved in colibactin synthesis61, 62. In contrast, no evidence 

of DNA damage was found in gastrointestinal cells of conventionally-raised adult rats 

colonized with EcN59.

Why is it that EcN is associated with DNA breaks in the intestinal epithelial cells of mice 

but not rats, and which is most representative of the situation in humans? DNA damage 

was monitored via different assays in the two models, perhaps explaining their disparate 

findings60. An alternative possibility is that the high titers of EcN present in the colon of 

anexic adult mice [~109 colony forming units (CFU)/g feces] and presumably 8-day old 

SPF mice [titers not reported], 6 hours post oral inoculation with ~108 CFU, result in the 

exposure of intestinal epithelial cells to non-physiological high levels of colibactin. This 
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effect could be further magnified in the germ-free mice and pups, as the colonic mucous 

layer of these mice is less developed as compared to that of conventionally raised mice63, 

and direct contact between colibactin and host cells, which even a thin lay mucus can inhibit, 

has been reported to be required for the formation of DNA breaks64.

To the best of our knowledge, EcN has never been demonstrated to promote tumorigenesis 

in a mouse model, and there is no evidence, correlative or otherwise, linking EcN with 

colorectal tumors in humans. An easy “fix” might seem to remove the pks island from 

EcN; however, there is evidence that this region is also involved in mediating its anti-

inflammatory65 and its anti-bacterial properties. Interestingly, a point mutation in clbP a 

pks island gene, has been identified that impairs the production of colibactin, but not 

its microcins60. Encouragingly, this variant of EcN is not impaired in colonization of 

the gastrointestinal tracts of mice, suggesting that, if needed, this modification could 

be introduced into engineered EcN to alleviate concerns regarding their production of 

colibactin.

Concluding remarks and future perspectives

It is early and exciting times in the development of smart microbes as therapeutics. In 

this review, we provide a deep-dive into recently developed EcN-based smart microbes 

engineered with enhanced intrinsic anti-bacterial and anti-inflammatory properties as well 

as new therapeutic modalities. While a few have advanced to clinical trials, essentially 

nothing is known regarding how these strains will work in humans and, in most cases, before 

proceeding in this direction, more proof-of-principle experiments are needed in animal 

models (see Outstanding Questions).

As these strains are further developed, it will be important to consider ways in which 

their therapeutic efficacy can be improved. For example, approaches to optimally regulate 

therapeutic delivery by smart microbes in both space and time is an area of active 

investigation (for reviews see66–68). In this context, an active area of research is the 

refinement of ‘sense and respond systems’ activated in response to environmental cues, 

e.g., by pH or oxygen levels38, the presence of an invading pathogen69, or an inflammatory 

marker15, 70. Another area of active investigation is the development of ‘user activated’ 

biologic circuits triggered by exposure to light28, ultrasound71 or Wi-Fi72). In parallel, to 

promote binding to specific regions of the intestines and potentially types of tumors, EcN 

could be engineered to express designer adhesins that promote their binding to specific cell 

types73.

In parallel with these efforts, it is essential to ensure biosafety and biocontainment. The 

current variants in clinical trials are auxotrophic strains that do not replicate in patients 

or the environment. However, as it is envisioned that the efficacy of some variants will 

be dependent on their prolonged colonization and ability to replicate, before proceeding 

to clinical trials, there need to be ways to ensure clearance of the bacteria from patients 

if they become associated with adverse reactions, as well as means to ensure that shed 

bacteria are not viable in the environment. While the administration of antibiotics to patients 

could address the first issue, it is not ideal given that these agents will perturb the gut 
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microbiota. To address the latter there are extensive efforts underway to generate strains 

with temperature-sensitive kill switches that are engaged upon sensing a change in the 

environment, i.e., ambient temperatures encountered after fecal elimination74, 75, as well as 

additional approaches as recently reviewed in76.

In summary, as exemplified by the progress summarized here, engineered EcN variants hold 

great promise as an affordable means to provide high specificity therapeutic interventions 

to sites of disease. While there are outstanding questions regarding the long-term utility of 

engineered EcN variants as therapeutics, given EcN’s genetic tractability it will likely be 

possible to modify the strains as needed to uncouple their therapeutic and potentially adverse 

effects. Overall, recent progress in this field paves the way for an innovative platform for 

the treatment of a variety of diseases that performs with increased efficacy and is associated 

with decreased off-target effects.
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Glossary

Auxotrophic
organism that requires supplemental nutrients to support its growth

B2 phylogenetic group of E. coli
one of four main genetically related lineages of E. coli

Bacteriocins
bacterial secreted peptides that inhibit growth of related bacteria

Biofilm
a mono- or poly-microbial aggregation of bacteria that adhere to a surface

Carbapenem
broad-spectrum antibiotic reserved for the treatment of multi-drug resistant bacterial 

pathogens

DSS-induced colitis
when administered via the drinking water to mice or rats, dextran sodium sulfate (DSS) 

induces inflammation and injury localized to the distal colon resembling human ulcerative 

colitis

Enterobacteriaceae
large family of Gram-negative bacteria that includes pathogens and symbionts

Epidermal growth factor
a 6 kDa protein that stimulates cell growth and differentiation by binding to its receptor, 

EGFR
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Granulocyte-macrophage colony-stimulating factor
a growth factor that stimulates stem cells to produce granulocytes and monocytes

Hyperammonemia
occurs in patients with inborn urea cycle disorders, and those with cirrhosis, late-stage liver 

disease in which healthy liver tissue is irreversible replaced with scar tissue

Ice nucleation localization tag
N-terminal domain of Pseudomonas syringae that enables display of heterologous fused 

proteins on the outer cell envelope of E. coli

Immune privileged
tissues able to tolerate the introduction of antigens without eliciting an inflammatory 

immune response

Immunological memory
the ability of the immune system to respond more rapidly and effectively to antigen(s) to 

which the system has previously been exposed

Inflammatory bowel diseases (IBD)
disorders that involve chronic inflammation of the gastrointestinal tract

Microcins
small <10 kDa bacteriocins

Mucosal healing
in IBD, refers to a state of remission when active disease is not directly visualizing in the 

lining of the digestive tract

OmpA
a porin located in the outer membrane of E. coli and other Gram-negative bacteria

Opportunistic infections
Infections caused by microbes normally held in check by the immune system, occur in 

people with weakened immune systems

Phenylketonuria
a genetic disorder associated with a deficiency in phenylalanine hyrodroxylase, an enzyme 

that promotes the metabolism of phenylalanine

pks genomic island: harbor
segment of the genome that encodes proteins that produce colibactin, a polyketide-peptide 

genotoxin

Positive feedback loop
when the product of a reaction (e.g., a biological pathway) leads to an increase in that 

reaction

Quorum sensing
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cell-to-cell communication through small molecules

Transforming growth factor beta
a multifunctional cytokine known to regulate normal cell growth, development, and tissue 

remodeling following injury

Trefoil factors (TFFs)
7–12 kDa proteins secreted by mucus-producing cells that promote epithelial restitution

Smart microbes
microbes engineered to enhance a particular property or endow it with a new property

STING
an endoplasmic reticulum protein that serves as a signaling hub, receiving input from pattern 

recognition receptors, the majority of which sense ectopic DNA in the cytosol. STING 

signaling leads to type I interferon production

VRE (vancomycin-resistant enterococci)
species commensal bacteria that can cause antibiotic resistant infections

YebF
a 13 kDa protein of unknown function secreted across the inner membrane of E. coli via the 

Sec pathway and the outer membrane via outer membrane proteins
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Box 1:

Synthetic biology

Synthetic biology involves redesigning organisms or cells with new or enhanced abilities 

as well as the generation of new biological parts, devices or systems. In the context 

of engineering smart microbes, synthetic circuits are used to develop variants with 

specific therapeutic or diagnostic properties. These circuits can be expressed via natural 

or synthetic promoters that control their expression in space and/or time, including 

ones that respond to environmental cues, e.g., oxygen tension and/or pH, as well as 

markers of disease, e.g., inflammation. These gene circuits can be further fine-tuned 

by using Boolean logic gates to process multiple inputs (for review, see66). Engineered 

circuits are typically initially encoded on plasmids maintained via antibiotic resistance 

during their initial characterization in the lab. However, as exposing mice and humans 

to antibiotics is not suitable in most disease settings, they are often transferred to 

plasmids that can be maintained by other means before advancing to efficacy studies 

in preclinical models. One strategy is to introduce the gene circuits onto the bacterial 

chromosome, a process that for which an efficient bacterial conjugation-based method 

for the markerless integration of genes into the EcN chromosome has recently been 

described77. Nevertheless, a limitation of chromosomal integration is that the copy 

number of the insert genes is much lower than when present on most plasmids. 

When thought to be a potential issue, EcN has been engineered to maintain plasmids 

via auxotrophic selection. In addition, plasmids can be maintained via toxin/antitoxin 

systems and recent evidence suggests that endogenous EcN plasmids that have been 

genetically manipulated are stably maintained78. Lastly, synthetic based approaches are 

being used to generate variants of genetically modified EcN, and other smart microbes, 

with biocontainment strategies. A common approach has been to engineer EcN strains 

that are auxotrophic for metabolites that can be added to media in the laboratory but are 

not available in the environment. More sophisticated forms of biocontainment have or are 

currently being developed, including circuits that act as switches to prevent activity of 

smart microbes by killing them or halting their engineered function. In addition, to ensure 

lack of genetic transfer of materials form engineered strains, variants with altered genetic 

codes are being explored (for review see76)
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Box 2:

Anti-tumor immunity

The term anti-tumor immunity refers to innate and adaptive immune responses, which 

lead to tumor eradication. This can be achieved therapeutically using non-specific 

immunotherapies, vaccines, adoptive-cell therapy and more recently through the blockade 

of immune checkpoint molecules. Immune checkpoint molecules act to prevent over-

activation of the immune system during the host immune response to an invading 

pathogen and to promote tolerance to self-antigens. However, many malignant tumors 

alter the expression of these molecules to prevent their recognition by the host immune 

system. Three of the best-studied checkpoint molecules in this scenario are PD-1 

(programmed death protein 1), PD-L1 (programmed death ligand 1) and CTLA-4 

(cytotoxic T-lymphocyte-associated antigen 4)79–81. Monoclonal antibodies that bind 

to and inhibit PD-1, PD-L1 and CTLA-4 promote tumor clearance primarily through 

the activation of T cells and are showing extraordinary promise in clinical trials, 

particularly in the treatment of melanoma, renal cell, and lung cancer. However, immune 

checkpoint inhibitor drugs are administered intravenously which typically results in 

overactivation of the immune system in areas of the body outside the tumor resulting 

in immune adverse events (e.g., colitis, hepatitis)82, 83, an observation that has prompted 

investigators to develop targeted approaches for their delivery, such as the EcN-based 

platforms discussed herein. An additional limitation of checkpoint inhibitors is that 

they are less effective in cold tumors i.e., tumors that are poorly infiltrated by T cells. 

In this regard, new approaches that mimic or activate the innate immune system are 

being developed though with same goal of ultimately inducing anti-tumor immunity. For 

example, type I interferons (IFN) can promote antitumor immunity through a variety of 

pathways84 and increasing their production within the tumor microenvironment can be 

achieved using agonists of STING (Stimulator of interferon genes). The pharmaceutical 

industry is developing STING agonists with the rationale of activating tumor cells or 

tumor-infiltrating immune cells (including dendritic cells)85, and approaches such as the 

EcN-based strategies discussed herein offer a targeted mechanism of intratumoral STING 

activation.
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Outstanding Questions

• Which types of preclinical animal and in vitro cell culture-based models will 

prove to be most reflective of EcN-based therapeutics in human disease?

• How will EcN interactions with the host microbiota influence their 

effectiveness?

• When colonization in humans is a desired modality, will the engineered gene 

circuits in EcN remain stable?

• Will the presence of the genomic pks island in E. coli prove to be a counter-

indication for the use of these smart microbes as a therapeutic platform?

• Will engineered EcN variants trigger immune responses that limit their 

repeated use over time?

• How many modifications can be introduced into EcN to improve upon its 

therapeutic efficacy before imparting a fitness cost?

• For what additional targets and disease indications can engineered EcN-based 

platforms be developed?
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Highlights

• Due to its genetic tractability, track record of safety in humans, ability to 

home to, survive and replicate in the gastrointestinal tract and tumors, E. coli 
Nissle 1917 has become a favored chassis for engineering ‘smart microbes’ 

that deliver therapeutic modalities to sites of disease.

• EcN variants engineered with new therapeutic properties via alterations in its 

metabolic pathways or the introduction of in situ drug delivery systems are 

showing promise for the treatment of bacterial infections, inflammatory bowel 

diseases, metabolic disorders and cancer.

• Clinical trials are underway to test the safety and efficacy of EcN-based smart 

microbes for inborn diseases of metabolism and cancer.

• EcN synthesizes a genotoxin called colibactin capable of causing DNA 

double-strand breaks in mammalian cells, raising safety concerns about its 

use clinically.
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Figure 1. Variants of EcN engineered with enhanced antimicrobial properties.
(a) EcN J25 is engineered to constitutively secrete the microcin MccJ25. The expression 

of McjA, the MccJ25 precursor, and ProTeOn, are controlled via a ProTeOn-dependent 

promoter, thus generating a positive feedback loop. Genes encoding the proteins needed 

for J25 biosynthesis and transport are in an operon present on the same plasmid under the 

control of a constitutive promoter maintained via antibiotic selection. (b) EcN pttrMcH47 

is engineered to secrete the microcin Mcc47 upon sensing tetrathionate, a reporter of 

inflammation. Genes encoding the proteins needed for tetrathionate sensing are positioned 

upstream of those involved in MccH47 biosynthesis and export. (c) EcN BHA is engineered 

to constitutively secrete Enterocins A and B, and Hiracin, each fused to a MccV N-

terminal secretion tag. The expression of all three bacteriocins, the proteins that mediate 

their secretion, and ProTeOn are controlled via the expression of a ProTeOn-dependent 

promoter on a plasmid maintained via antibiotic selection. (d) Sense-Kill-EcN SED 
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is engineered to produce molecules that eradicate Pseudomonas aeruginosa. Sense-Kill-

EcN SED constitutively expresses LasR, a transcription factor activated upon binding a 

quorum-sensing (QS) molecule produced by P. aeruginosa. Activated LasR promotes the 

transcription of pyocin S5, E7 lysis protein, and Dispersin B. E7 proceeds to lyse the cells, 

releasing pyocin S5 and Dispersin B. The genes encoding the ‘sense-kill’ circuit are encoded 

on a plasmid that is maintained via auxotrophic selection.
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Figure 2. Engineered EcN variants for the treatment of inflammatory bowel disease.
(a) PBP8 CsgA-TFF3 is engineered to display TFF3 on its surface. TFF3 is fused to CsgA 

such that it is assembled and exposed on curli fibers attached to EcN. The expression of 

the plasmid-encoded CsgA-TFF3, and other components of the curli operon, including the 

assembly/transport component CsgG, is expressed in an arabinose-dependent manner from 

a plasmid. (b) EGF-EcN is engineered to constitutively express a lipase ABC transporter. 

EGF is fused to a C-terminal LARD (Lipase ABC transporter Recognition Domain). The 

genes encoding the transporter and EGF are integrated into the EcN chromosome. (c) 

Lresb pDGAT is engineered with a blue-light responsive circuit that controls expression of 

Ag43, an adhesin (‘bio-glue’) that promotes EcN biofilm formation. Since blue-light does 

not penetrate the intestines, upconversion molecules (UCMs) that convert the NIR light to 

blue light are co-administered with the bacteria. Lresb pDGAT secrete TGF-ß1 fused to an 
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OmpA secretion signal peptide. The genes encoding this system are encoded on a plasmid 

maintained via antibiotic selection.
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Figure 3. EcN variants developed for the treatment of cancer.
(a) SYNB1891 engineered to express Listeria monocytogenes DacA, which promotes the 

biosynthesis of cyclic di-AMP. dacA is encoded in the chromosome under the control PfnrS, 

a hypoxia-induced promoter. For biocontainment, SYNB1891 lacks thyA and dapA. (b) 

SLIC variants of EcN each contain a chromosomally encoded lysis circuit, whereby the 

expression of the QS molecule by LuxI promotes activation of LuxR, which promotes the 

expression of additional LuxI and the E7 lysis protein. When the bacteria reach a certain 

density, they coordinately lyse releasing therapeutic payloads. The payload proteins are 

constitutively expressed and encoded on a plasmid maintained via a toxin-antitoxin system. 

Strains expressing different payloads can be used in combination, as exemplified by the 

coordinated release of anti-PD-L1 and anti-CTLA-4 nanobodies and recombinant GM-CSF 

for the treatment of cancer. (c) Eda-l1-HlpA secretes myrosinase, an enzyme that catalyzes 

the conversion of glucosinolate to sulphoraphane, and HlpA, a protein that promotes binding 
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to cancer cells. Myrosinase is targeted for secretion via the Sec pathway and OMP porins 

via fusion to a YebF secretion tag. HlpA is exposed on the other surface of the E. coli 
via fusion to INP (ice nuclease protein). Both proteins are constitutively expressed from 

a plasmid maintained via auxotrophic selection. (d) L-Arg EcN is engineered to convert 

ammonia to L-arginine when grown under hypoxic conditions. L-Arg no longer encodes 

argR, a repressor of the L-argnine biosynthesis, and carries a feedback-resistant mutant of 

ArgA, the first enzyme in this biosynthesis pathway, under the control of the PfnrS promoter.
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