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INTRODUCTION

The field of synthetic biology has expanded greatly over the past dec
ade, enabling the development of new therapeutic strategies using
engineered microbes for the treatment of various diseases, including
immunological and metabolic disorders, cancer, infectious diseases,
and inborn errors of metabolism (1). Microbes have been engineered
to produce cytokines, to inhibit pathogenic bacteria, and to secrete
therapeutic agents designed for site-specific delivery, yielding prom
ising preclinical results in animal disease models (1–7).
The mammalian intestinal tract is inhabited by a dense commu
nity of microorganisms and is a possible target for the development
of a new class of live microbial therapeutics designed to modulate
toxic dietary or endogenous gut-derived metabolites (8, 9). Engineered
probiotics may be uniquely suited to consume toxic metabolites in
the intestine and convert them to nontoxic forms. Multistep meta
bolic pathways can be engineered into bacteria to enhance the con
sumption and breakdown of metabolites in the location they are
formed. Ammonia (NH3) is a toxic metabolite that is generated in
both the small intestine and the colon and enters the portosystemic
circulation (10–12). Elevated circulating ammonia not metabolized
to urea by the liver can cross into the brain and induce astrocyte
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swelling, edema, and neurotoxicity through increased reactive oxy
gen species and inflammatory responses (13). Similar quantities of
ammonia are generated in the small and large intestine (10), but the
mechanisms of ammonia generation differ. Small intestinal ammo
nia arises from the deamidation of glutamine within intestinal epi
thelial cells (14, 15), whereas bacterial degradation of protein and
microbial urease activity generates ammonia in the colon (16, 17).
The metabolism of ammonia and subsequent renal elimination
is predominantly reliant on a functional liver. Ammonia entering
the liver from the portal circulation is metabolized by urea cycle
enzymes expressed primarily in periportal hepatocytes (18). Hyper
ammonemia occurs when there is a defect in ammonia-detoxifying
enzymes, such as in urea cycle disorders (UCDs), or when the liver
is damaged, as in cirrhosis (19, 20). UCDs are rare but serious and
potentially fatal genetic diseases characterized by a deficiency in one
of the six enzymes or two transporters necessary for the urea cycle
to effectively metabolize waste nitrogen to urea (21). For patients
with UCD, complete or partial defects in the enzymatic pathway
result in ineffective metabolism of waste nitrogen and its toxic accu
mulation in the form of ammonia. Despite pharmacological treat
ment with ammonia scavengers and dietary management, patients
continue to suffer from hyperammonemic crises. Hepatic encepha
lopathy (HE) comprises a heterogenous group of disorders stemming
from liver damage and is characterized by declining neurocognitive
function (22, 23). HE occurs in 30 to 40% of patients with cirrhosis
(24). The prevalence of cirrhosis in the United States was estimated
in 2015 to be 0.27% of the population or 633,323 adults (25). Many
of these patients will be diagnosed after an acute episode requiring
hospitalization, and the 1-year mortality rate for such patients is
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The intestine is a major source of systemic ammonia (NH3); thus, capturing part of gut NH3 may mitigate disease
symptoms in conditions of hyperammonemia such as urea cycle disorders and hepatic encephalopathy. As an
approach to the lowering of blood ammonia arising from the intestine, we engineered the orally delivered probiotic
Escherichia coli Nissle 1917 to create strain SYNB1020 that converts NH3 to l-arginine (l-arg). We up-regulated arginine biosynthesis in SYNB1020 by deleting a negative regulator of l-arg biosynthesis and inserting a feedback-
resistant l-arg biosynthetic enzyme. SYNB1020 produced l-arg and consumed NH3 in an in vitro system. SYNB1020
reduced systemic hyperammonemia, improved survival in ornithine transcarbamylase–deficient spf   ash mice, and
decreased hyperammonemia in the thioacetamide-induced liver injury mouse model. A phase 1 clinical study was
conducted including 52 male and female healthy adult volunteers. SYNB1020 was well tolerated at daily doses of
up to 1.5 × 1012 colony-forming units administered for up to 14 days. A statistically significant dose-dependent
increase in urinary nitrate, plasma 15N-nitrate (highest dose versus placebo, P = 0.0015), and urinary 15N-nitrate
was demonstrated, indicating in vivo SYNB1020 activity. SYNB1020 concentrations reached steady state by the
second day of dosing, and excreted cells were alive and metabolically active as evidenced by fecal arginine production in response to added ammonium chloride. SYNB1020 was no longer detectable in feces 2 weeks after the
last dose. These results support further clinical development of SYNB1020 for hyperammonemia disorders including urea cycle disorders and hepatic encephalopathy.
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We selected E. coli Nissle 1917 (EcN) as the chassis organism be
cause of its long history of safe use in human populations and the
availability of numerous tools for genetic manipulation in this spe
cies (39). EcN is widely used in Europe as a probiotic under the brand
name Mutaflor. The excretion profile of orally dosed EcN was re
cently evaluated in healthy volunteers, where the median clearance
time was 1 week, with 80% of healthy volunteers having cleared by
3 weeks (40). This is beneficial when considering the use of a probi
otic therapeutically, because it is not expected to colonize the host
or substantially alter the microbiome. The safety, tolerability, and
efficacy of chronic daily EcN treatment has also been evaluated in
multiple long-term (up to 12 months), placebo-controlled clinical
trials in patients with inflammatory bowel disease and irritable
bowel syndrome (41–44). In these studies, EcN was well tolerated,
with adverse effects similar to placebo or comparator (mesalamine);
thus, daily treatment with EcN for chronic disorders is feasible.
The objective of this study was to design, characterize, and eval
uate the safety and tolerability of an engineered EcN, SYNB1020,
for the treatment of disorders of hyperammonemia. SYNB1020
can respond to its environment (anaerobic environment of the GI
tract) to consume ammonia and convert it to l-arginine (l-arg),
making it well suited for the potential clinical management of
hyperammonemia. Arginine is a key intermediate in the urea cycle
and is a dietary supplement that is used to treat patients with UCDs
(except arginase deficiency). It is often given at high doses (250 mg/kg
per day) for treatment of acute decompensation during hyperam
monemic crises, with no reported toxicity (45, 46). Enhancement
of l-arg biosynthesis was targeted on the basis of the high nitrogen
content of l-arg (four atoms of nitrogen) and the positive effect of
l-arg supplementation on ureagenesis in several UCDs (45, 46).
We confirmed that SYNB1020 efficiently produced arginine from
ammonia, lowered ammonia in preclinical models of hyperam
monemia, and was well tolerated preclinically and in healthy hu
man volunteers. Translational studies demonstrated the potential
of this strain to operate from the GI tract in both preclinical models
of hyperammonemia as well as in the clinic. These data serve as
proof of concept to support therapeutic strategies based on engi
neered microbes operating from the intestinal tract to modulate
systemic disease.
RESULTS

SYNB1020 consumes ammonia and produces arginine
SYNB1020, an engineered EcN strain, was created to convert NH3
to l-arg under anaerobic conditions (see strain schematic in Fig. 1A
and list of engineered strains in Table 1) to increase its ability to as
similate ammonia in the oxygen-limited environment of the gut. To
maximize arginine production and prevent inhibitory feedback, we
deleted the gene encoding the arginine repressor ArgR and then in
tegrated the gene argA215, encoding ArgAY19C, a feedback-resistant
version of the N-acetylglutamate synthase enzyme ArgA (argAfbr)
(36, 47, 48), into the intergenic region separating the malE and the
malK genes under the control of the fnrS promoter (PfnrS), an en
dogenous anaerobic-inducible promoter found in E. coli (7). Con
trolling expression of argA215 anaerobically is an essential aspect of
our strain design, and we selected PfnrS for its strong and specific
activation under anaerobic conditions similar to those found in
the colon (7, 49, 50). We subsequently confirmed activation of the
PfnrS in vivo in the mouse gut (fig. S1).
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about 50%; thus, the burden of the disease is high. The more se
vere form of HE, referred to as overt HE, is associated with obvious
mental disorientation and physical symptoms (for example, asterixis,
lethargy, seizures, tremors, stupor, or coma) that arise over several
days or hours and may be fatal (26). The pathogenesis of HE is be
lieved to be largely attributable to hyperammonemia and inflam
matory processes associated with damage to the liver (27, 28).
Increased arterial and venous ammonia concentrations correlated
with increased HE severity, with concentrations above 100 M in
addition to model for end-stage liver disease (MELD) scores above
32 that are predictive of an onset of an episode of HE with 94%
specificity and 74% accuracy (29, 30).
The long-standing evidence for the importance of intestinally
generated ammonia and the observation that antibiotic treatment
can lower systemic and portal ammonia (31–33) have led to the
clinical development of therapeutic agents aimed at decreasing gut
microbial activity or adsorbing colonic ammonia for the treatment
of HE (22, 23). Those drugs include the antibiotic rifaximin, which
may reduce activity of urease-producing bacteria, and the laxative
lactulose, a nonabsorbable disaccharide that acidifies the colon and
decreases transit time, resulting in increased fecal elimination of
ammonia (34). Patients with HE have poor compliance with avail
able treatment regimens due to the complexity of dosing (for exam
ple, lactulose must be self-titrated until three bowel movements per
day are produced), and side effects of treatment can lead to poor
adherence to therapy (diarrhea, dehydration, hyponatremia, abdom
inal pain, and headache). Investigational agents that may scavenge
intestinal ammonia, such as AST-120, a suspension of activated car
bon microspheres acting as an ammonia adsorbent in the gut, have
been explored preclinically and in patients with HE (35). More re
cently, a microbiome-based approach that replaces the gut microbiota
with a defined consortium of bacteria with low urease activity has
been explored in a preclinical model of hyperammonemia and
showed prolonged lowering of colonic ammonia production and
decreased mortality in mice (6). Strains of Escherichia coli have pre
viously been modified to convert ammonia to amino acids such as
arginine (36), but characterization of their ammonia assimilation
potential in vivo has thus far not been considered. Therefore, the
limitations in current standard of care treatments for hyperam
monemia and the lack of new agents highlight the need for develop
ment of a safe, well-tolerated, and effective treatment to improve
outcomes for conditions such as UCD and HE (37, 38).
Applying principles of drug development, including dose response,
pharmacokinetics, and clearance, is particularly challenging in the
field of microbial therapies because they consist of living organisms,
are confined to the gut, and are potentially capable of replicating or
losing viability as they transit the gastrointestinal (GI) tract. Detec
tion of therapeutic organisms in the background of the host micro
bial flora is also challenging. Sampling from the gut in an intact host
is not feasible (except for collecting feces), making detection of mi
crobial viability and activity challenging and indirect relative to the
site of action. Leveraging the safety and tolerability of probiotics
in human populations and specific tools of synthetic biology, we
sought to address these issues by designing a modified probiotic to
perform specific metabolic functions needed by the patient. The
specific detection of our strain within the microbiome and the ap
plication of principles of pharmacodynamics and pharmacokinetics
in preclinical and clinical studies were possible based on the engi
neered features of this strain.
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Fig. 1. Characterization of SYNB1020. (A) Schematic of the engineered strain SYNB1020, including its intended effect on l-arg metabolism. (B) l-arg production by engineered strains in vitro. Data represent measurements from three independent bacterial cultures ± SD. P values described in the text were generated using two-tailed
unpaired Student’s t test. (C) Strain activity was tested in modified M9 medium supplemented with 5 mM ammonia. Assay reactions contained chloramphenicol (10 g/ml)
to inhibit ammonia consumption due to cell division and de novo protein synthesis. SYNB1020 cells were induced by incubation at low oxygen (EcNStR was treated in a
similar manner). Ammonia consumption by EcNStR and SYNB1020 was quantified using the indophenol-blue method. (D) Arginine production by the same samples in (C)
was quantified using liquid chromatography–tandem mass spectrometry after derivatization with dansyl-chloride. Data are representative of triplicate measurements ±
SD. (E) Volcano plot of gene expression in SYNB1020 as compared to EcN, under microaerobic conditions in the presence of thymidine. Genes with an adjusted P value
(Padj) of less than 0.1, as reported by DESeq2, were considered differentially expressed. ArgB, acetyl glutamate kinase; ArgC, N-acetyl glutamylphosphate reductase; ArgD,
N-acetylornithine aminotransferase; ArgE, acetylornithine deacetylase; ArgFI, ornithine carbamoyltransferase; ArgG, arginosuccinate synthase; ArgH, arginosuccinate
lyase; CarAB, carbamoyl phosphate synthetase; fbr, feedback resistant; FNR, “fumarate and nitrate reduction” transcription regulator; Gln, glutamine; Glu, glutamate;
HCO3−, bicarbonate; KG, ketoglutarate; malEK, intergenic region between malE and malK genes; thyA, thymidylate synthase deletion.

We further modified the resulting arginine-producing strain by
deleting the essential thymidylate synthase gene thyA that restricts
replication within and outside the host when thymidine concentrations
are low (51). As expected, the newly generated strain SYNB1020
had impaired growth in the absence of thymidine supplementation
(Table 1and fig. S2). Both the argR deletion and the expression of
argAfbr were necessary for l-arg production, as demonstrated by the
absence of l-arg production in strains lacking either component
alone (Fig. 1B). The clinical development strain, SYNB1020, lacks
any antibiotic resistance genes in compliance with U.S. Food and
Drug Administration regulations on live therapeutics (52). We in
serted a gene conferring kanamycin resistance into the genome of
SYNB1020 to create a proxy strain, SYNB1020KR, that could be used
in preclinical studies for isolation from complex microbial samples
such as fecal homogenate. SYNB1020KR could be selected on agar con
taining kanamycin but was otherwise identical to SYNB1020. In vitro
testing showed that deleting thyA had no impact on l-arg produc
tion (P = 0.12 and P = 0.37 comparing SYNB1020 to SYNB1020thyA+
or SYNB1020KR, respectively; Table 1 and Fig. 1B). The increased in
vitro ammonia consumption by SYNB1020 compared to the un
engineered streptomycin-resistant strain EcNStrR could be explained
almost entirely by l-arg production (Fig. 1, C and D). Over 3 hours,
Kurtz et al., Sci. Transl. Med. 11, eaau7975 (2019)
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SYNB1020 consumed 0.59 mol more of ammonia than EcNStrR
(Fig. 1C). In that time, SYNB1020 produced 0.13 mol of l-arg
(Fig. 1D), which corresponds to consumption of 0.52 mol of am
monia (1 mol of l-arg contains 4 mol of ammonia).
SYNB1020 exhibits increased expression of the arginine
biosynthesis pathway and stress response genes
To determine the impact of the genetic modifications implemented
in SYNB1020 on gene expression, we performed RNA sequencing on
triplicate cultures of EcNStrR, SYNB1020, and EcNthyA after 2 hours
of microaerobic induction with thymidine supplementation. Differ
ential gene expression was then determined with DESeq2 (53), using
correction for multiple hypothesis testing ( = 0.1; table S1). The de
letions of argR and thyA in SYNB1020 and thyA in EcNthyA were
confirmed in their respective strains by decreased expression of these
genes as compared to EcNStrR (Fig. 1E and table S1). In SYNB1020,
we observed that every gene in the l-arg biosynthesis pathway exhib
ited increased expression (Fig. 1E and fig. S3). We also noted de
creased expression of an operon encoding an arginine degradation
pathway (arcABCD) in SYNB1020 as compared to EcNStrR (table S1).
Down-regulation of arcABCD is consistent with its positive regula
tion by ArgR, as observed in other bacterial species (54, 55).
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matrix. Similar to ex vivo studies, we observed a dose- and time-
dependent increase in SYNB1020KR cecum, colon, and fecal recovery
in mice that were orally administered bacteria (table S3 and fig. S4).
The cells recovered from mice administered SYNB1020KR were
metabolically active, as measured by the production of arginine in
Strain
Genotype
cecum and colon (table S4).
EcN
E. coli Nissle 1917
To assess the efficacy of SYNB1020 in vivo, we first measured
metabolites of arginine in the plasma and urine of mice and nonhu
EcN, streptomycin resistant
EcNStrR
man primates dosed with SYNB1020 or SYNB1020KR as indicators
EcN, kanamycin resistant
EcNKR
of strain activity. Arginine metabolism is complex, as arginine can
EcN, argR
EcNargR
be converted into several metabolites, including citrulline, ornithine,
proline, and nitric oxide (59). Treatment of different strains of mice
EcN, thyA::CmR
EcNthyA
argAfbr+
R
fbr
[C57BL/6 or ornithine transcarbamylase (OTC) spf  ash(abnormal skin and
EcN
EcN, malEK::Cm -PfnrS-argA
hair)] or healthy nonhuman primates with SYNB1020 or SYNB1020KR
EcNthyA argAfbr+
EcN, thyA, malEK::CmR-PfnrS-argAfbr
using multiple dosing regimens (single or multiple doses) resulted
EcNargR thyA
EcN, argR, thyA::CmR
in variable and inconsistent production of arginine metabolites in
thyA, argAfbr+
R
fbr
cluding ornithine, citrulline, and nitrate (derived from further me
EcN
EcN, thyA, malEK::Cm -PfnrS-argA
tabolism of nitric oxide) across experiments (table S5).
EcN-GFP
EcN containing plasmid with PfnrS–
We first tested the ability of SYNB1020 and related strains to
GFP (green fluorescent protein)
lower ammonia in vivo in the OTC spf ash murine model of UCD
transcription fusion
(OTC spf ash) (60). In this model, a point mutation in the last nucle
SYNB1020thyA+
EcN, argR, malEK::PfnrS-argAfbr
otide of the fourth exon of the mitochondrial OTC gene reduces the
SYNB1020
EcN, argR, thyA, malEK::PfnrS-argAfbr
activity of this liver enzyme to 5 to 10% of wild-type animals, lead
ing to the inability to process ammonia efficiently and the subse
SYNB1020KR
EcN, argR, thyA, malEK::PfnrSargAfbrKanR
quent development of hyperammonemia (60). We observed that
feeding OTC spf ash mice a high-protein diet for 48 hours increased
circulating ammonia to toxic levels compared to animals main
tained on a standard chow diet (Fig. 2A). Coadministration of a
high-protein diet with SYNB1020 resulted in a dose-dependent
To understand the effects of the thyA deletion on the tran reduction in circulating ammonia compared to mice receiving a
scriptional state of EcN, we next examined genes that were differen high-protein diet with heat-killed SYNB1020 (Fig. 2A). The lowering
tially expressed in EcNthyA compared to EcNStrR (table S1). We of blood ammonia by SYNB1020 was associated with an increase
found that the expression of a number of genes involved in stress in survival, as 100% of animals that received the highest doses of
responses was increased in EcNthyA, even when the strains were SYNB1020 survived the 24-hour testing period, whereas only 40 to
grown in the presence of exogenous thymidine. These genes in 55% of mice survived when ammonia concentrations remained ele
cluded a central regulator of the stress response in E. coli, rpoS (56), vated. More chronic (up to 9 days) treatment of OTC spf ash mice with
heat-shock protein genes [dnaKJE and groELS (57)], and multiple SYNB1020KR similarly normalized circulating ammonia concentra
acid resistance genes [the glutamate decarboxylase genes gadA and tions after cotreatment with a high-protein diet (Fig. 2B, top), as
gadB (58) and the glutaminase gene glsA (55)]. We also observed compared to vehicle or to the non-arginine–producing control
increased expression of purine and pyrimidine biosynthesis genes strain EcNargRthyA, suggesting that the effects of SYNB1020 on
in EcNthyA, possibly due to stress on DNA synthesis. These differ ammonia lowering were sustained and driven by the engineered
ences in stress response gene expression were also evident in ammonia-arginine pathway. This ammonia normalization resulted
SYNB1020, which similarly lacks thyA (table S1). Overall, our in an improved survival during chronic administration of a high-
analysis revealed that thyA deletion in SYNB1020 resulted in gene protein diet over an engineered but non-arginine–producing strain,
expression changes and led to a global stress response but this EcNargRthyA, or vehicle high-protein control (Fig. 2B, bottom). We
response did not interfere with the transcriptional activation of the next examined the effects of SYNB1020 in a model of HE by render
l-arg biosynthetic pathway.
ing mice hyperammonemic with intraperitoneal treatment with the
hepatotoxin thioacetamide (TAA). After 3 weeks of TAA adminis
SYNB1020 lowers blood ammonia and increases survival
tration, we observed an elevation in circulating ammonia concen
in mouse models of hyperammonemia
trations compared to mice subjected to vehicle treatment (Fig. 2C).
To demonstrate that orally delivered SYNB1020 survived transit Administration of SYNB1020 to TAA-treated mice significantly
through the GI tract, we first evaluated the viability of antibiotic- decreased circulating ammonia concentrations compared to those
resistant SYNB1020KR under conditions closer to those encoun observed in vehicle-treated or EcN-treated mice (P = 0.0030 and
tered in vivo. Ex vivo survival assays in cecolonic matrix (cecum P = 0.0214, respectively; Fig. 2C). Although this study was not de
and colonic contents combined) demonstrated that SYNB1020KR signed to assess mortality, we observed that in the vehicle/TAA
was able to survive effectively at all doses and time points tested group, one animal was found dead, one animal had to be eutha
(table S2). Notably, we observed loss in viable cell recovery at the nized because of poor body condition, and four of the remaining
later time points for the 1 × 1010 dose, which was likely due to the eight animals had to be sacrificed because of body weight loss. No
exhaustion of nutrients and/or thymidine in the ex vivo cecolonic animals were found dead, moribund, or had to be euthanized for
Table 1. Bacterial strains. EcN was genetically engineered with the
described series of changes to create SYNB1020 and related tool
strains that we used to elucidate activity in in vitro and in vivo
studies.
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Fig. 2. In vivo activity of engineered strains. (A) Blood ammonia and percent survival in OTCspf-ash mice receiving normal chow or high-protein diet and dosed orally
(PO) with vehicle [15% glycerol in phosphate-buffered saline (PBS)], heat-killed SYNB1020 (dead) or 1 × 109, 5 × 109, or 1 × 1010 colony-forming units (CFU) of SYNB1020
(n = 5 vehicle/chow, n = 5 SYNB1020 dead/high protein, and n = 9 per group for all other groups). Statistical analysis comparing chow/vehicle with high-protein/SYNB1020
dead was performed using unpaired Student’s t test. Statistical analysis comparing high-protein/SYNB1020 dead with high-protein/SYNB1020KR was performed using
one-way ANOVA on ranks, followed by Dunnett’s multiple comparison test. (B) Top: Blood ammonia concentrations in OTC spf ash mice receiving normal chow or high-
protein diet and dosed PO with vehicle (H2O), EcNargRthyA (1 × 1010 CFU) or SYNB1020KR (1 × 1010 CFU) for 9 days (n = 5 vehicle/chow, n = 10 vehicle/high-protein, n = 7
EcNargRthyA, and n = 10 SYNB1020KR). Statistical analysis comparing chow/vehicle with high-protein/vehicle was performed using unpaired Student’s t test. Statistical
analysis comparing high-protein/vehicle with high-protein/EcNargRthyA or SYNB1020 KR was performed using one-way ANOVA, followed by Dunnett’s multiple comparison test. Bottom: Survival of OTC spf ash mice receiving normal chow or high-protein diet and dosed PO with vehicle, EcNargRthyA or SYNB1020KR for 9 days. Statistical
analysis was performed using a logl-rank (Mantel-Cox) test. (C) Blood ammonia in Balb/cJ mice intraperitoneally (IP) dosed with or without TAA (150 mg/kg) in combination with vehicle (15% glycerol in PBS), were dosed PO with EcN (1 × 1010 CFU), or SYNB1020 (1 × 1010 CFU) for 3 weeks. Blood ammonia was measured on the last day of
the experiment (n = 10 per group for vehicle, EcN/TAA, and SYNB1020/TAA and n = 9 for vehicle/TAA). Statistical analysis comparing vehicle with TAA/vehicle was performed using unpaired Student’s t test with Welch’s correction. Statistical analysis comparing TAA/vehicle with TAA/EcN or TAA/SYNB1020 was performed using one-way
ANOVA, followed by Tukey’s multiple comparison test. Data are presented as means ± SEM. Statistical significance indicated as *P < 0.05, **P < 0.01, and ***P < 0.0001.
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weight loss in the vehicle control, EcN/TAA, or SYNB1020/TAA
groups. At the end of the study, the overall body weight change
was +3.1 ± 1.1% in vehicle controls [P < 0.0001 versus vehicle/TAA,
one-way analysis of variance (ANOVA) with Dunnett’s multiple
comparison test], −21.1 ± 2.7% in vehicle/TAA, −12.0 ± 1.7% in
EcN/TAA (P = 0.0023 versus vehicle/TAA, one-way ANOVA with
Dunnett’s multiple comparison test), and −8.2 ± 1.8% in SYNB1020/
TAA (P < 0.0001 versus vehicle/TAA, one-way ANOVA with Dunnett’s
multiple comparison test). No significant difference in body weight
loss was observed between EcN/TAA and SYNB1020/TAA treat
ments (P = 0.1251, unpaired t test with Welch’s correction).

SYNB1020KR demonstrated clearance within 7 days of the last dose
[as previously reported (40)].

B
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Fig. 3. SYNB1020 excretion profile. SYNB1020 excretion profile in (A) female (n = 16 per group) or (B) male (n = 16 per group) CD1 mice dosed with vehicle, 5 × 109 or
1.5 × 1011 CFU SYNB1020 for 28 days. Fecal pellets were sterilely collected and analyzed for the presence of SYNB1020 DNA by qPCR using a validated method with a LLOQ
of 10 copies/5 ng of DNA.
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SYNB1020 is well tolerated, results in elevated nitrate in
plasma and urine, and is excreted in feces as metabolically
active cells in healthy volunteers
We studied the safety and tolerability of SYNB1020 in healthy vol
unteers in a first-in-human randomized, placebo-controlled, double-
blinded phase 1 single-ascending dose (SAD) and multiple-ascending
dose (MAD) study (study design shown in fig. S5). Fifty-two vol
unteers were enrolled and randomized to SYNB1020 or placebo.
During the SAD study, 28 volunteers were enrolled across seven
SYNB1020 is well tolerated in mice and monkeys and is not
escalating dose cohorts, with treatment for a single day (21 volun
found in tissues outside the GI tract
teers dosed with SYNB1020 and 7 volunteers dosed with placebo).
We evaluated SYNB1020 and the related strain SYNB1020KR for safe During the MAD study, 24 volunteers were enrolled across three
ty and persistence in male and female CD1 mice orally administered escalating dose cohorts with treatment lasting for 14 days (18 vol
[twice daily (BID)] with SYNB1020, up to 7.8 × 1010 CFU per dose, unteers dosed with SYNB1020 and 6 volunteers dosed with place
for 28 days with a 14-day recovery period and in male and female bo). Baseline demographics for the study population are shown in
cynomolgus monkeys orally administered SYNB1020KR once daily table S8. No deaths or serious adverse events were reported in the
at doses up to 1 × 1012 for 28 days. In both studies, no treatment- study. Doses of SYNB1020 at or below 5 × 1011 CFU (total daily
related effects were observed on any parameters, including clinical dose, 1.5 × 1012 CFU) were well tolerated by healthy volunteers.
signs, body weight, or food consumption, hematology, serum chem Higher doses were associated with mild-to-moderate GI adverse
events. In the SAD study, three volunteers discontinued dosing due
istry, organ weights, or histopathology (table S6).
We assessed the biodistribution of SYNB1020 in select tissues to mild-to-moderate nausea and vomiting [two volunteers in the
(spleen, liver, urinary bladder, and gonads) by quantitative polymerase 2 × 1012 CFU three times daily (TID) cohort and one volunteer in the
chain reaction (qPCR) in the mouse study (table S7). SYNB1020 1 × 1012 CFU TID cohort], as did one volunteer in the highest MAD
DNA was not detectable in any non-GI tissue sample from mice cohort (5 × 1011 CFU TID). Any adverse event leading to discontin
euthanized on day 29 (table S7), indicating no detectable transloca uation occurred after the first dose (Table 2). No apparent signs
of systemic toxicity were observed, and no apparent changes from
tion of SYNB1020 to the organs outside the GI tract.
The fecal excretion of SYNB1020 was directly evaluated in baseline in C-reactive protein (fig. S6), in systolic or diastolic blood
mice from this study using a qPCR method to specifically quantify pressure, and in heart rate (figs. S7 and S8) or electrocardiogram
SYNB1020 DNA. SYNB1020 DNA was present at high concentra (ECG) parameters, including QT interval (table S9) were observed.
We evaluated venous ammonia concentrations for 24-hour periods
tions in the fecal samples of male and female mice dosed with either
5 × 109 or 1.5 × 1011 CFU on days 7, 14, 21, and 28. Generally, at baseline on day 2 and at day 13 after dose. Baseline fasting venous
SYNB1020 DNA concentrations in feces were dose related, being ammonia ranged from 11 to 59 M (means ± SD, 28.8 ± 8.8 M;
higher in the fecal samples from the 1.5 × 1011 group than the 5 × local laboratory upper limit of normal, 32 M) in healthy volunteers.
109 group. All SYNB1020 DNA concentrations were below the lower As expected for healthy volunteers, physiological levels of ammonia
limit of quantification (LLOQ; <10 copies of SYNB1020 DNA/5 ng were tightly controlled through the urea cycle, and no diurnal vari
of stool DNA) in all groups on days 35 and 40 (Fig. 3, A and B). ation in venous ammonia (P = 0.73; Fig. 4A) or changes in 24-hour
Similarly, after daily repeated oral gavage dose administration of area under the curve (AUC) were observed in the ammonia profiles
the related strain SYNB1020KR to female cynomolgus monkeys, after the administration of SYNB1020 (Fig. 4B).
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Table 2. Treatment-emergent adverse events. Adverse events reported by healthy volunteers dosed for either a single or multiple (14 days) days of dosing
with SYNB1020. All reported adverse events were of mild or moderate severity. QD, once daily; TEAE, treatment-emergent adverse event.
Single-day cohorts
System organ
class
preferred term
Any TEAE

Multiple-day cohorts

Pooled placebo
cohorts

2 × 109
CFU QD
(N = 3)
n (%)

2 × 1010
CFU QD
(N = 3)
n (%)

2 × 1011
CFU QD
(N = 3)
n (%)

2 × 1012
CFU QD
(N = 3)
n (%)

5 × 1011
CFU TID
(N = 3)
n (%)

1 × 1012
CFU TID
(N = 3)
n (%)

2 × 1012
CFU TID
(N = 3)
n (%)

2 × 109
CFU TID
(N = 6)
n (%)

2 × 1011
CFU TID
(N = 6)
n (%)

5 × 1011
CFU TID
(N = 6)
n (%)

SAD
part
(N = 7)
n (%)

MAD
part
(N = 6)
n (%)

0

0

0

2 (67)

1 (33)

1 (33)

2 (67)

0

5 (83)

2 (33)

0

1 (17)

GI disorders

0

0

0

2 (67)

0

1 (33)

2 (67)

0

3 (50)

2 (33)

0

1 (17)

Nausea

0

0

0

1 (33)

0

1 (33)

2 (67)

0

2 (33)

2 (33)

0

0

Abdominal
pain

0

0

0

1 (33)

0

0

0

0

2 (33)

1 (17)

0

0

0

0

0

0

0

1 (33)

2 (67)

0

0

1 (17)

0

0

0

0

0

0

0

0

0

0

1 (17)

1 (17)

0

0

Abdominal
distension

0

0

0

1 (33)

0

0

0

0

0

0

0

0

Diarrhea

0

0

0

0

0

0

0

0

0

1 (17)

0

0

Flatulence

0

0

0

0

0

0

0

0

0

0

0

1 (17)

General disorders
and
administration
site conditions

0

0

0

2 (67)

0

0

0

0

2 (33)

1 (17)

0

1 (17)

Catheter site
swelling

0

0

0

2 (67)

0

0

0

0

0

0

0

1 (17)

Vessel
puncture site
pain

0

0

0

1 (33)

0

0

0

0

0

1 (17)

0

0

Catheter site
bruise

0

0

0

0

0

0

0

0

1 (17)

0

0

0

Catheter site
pain

0

0

0

1 (33)

0

0

0

0

0

0

0

0

Vessel
puncture site
bruise

0

0

0

0

0

0

0

0

1 (17)

0

0

0

0

0

0

0

1 (33)

0

0

0

0

0

0

0

0

0

0

0

1 (33)

0

0

0

0

0

0

0

Nervous system
disorders

0

0

0

0

0

0

0

0

0

1 (17)

0

0

Headache

0

0

0

0

0

0

0

0

0

1 (17)

0

0

Infections and
infestations
Upper
respiratory
tract infection

In healthy volunteers, we observed no apparent change from
baseline in blood urea nitrogen, arginine, citrulline, 24-hour uri
nary urea and nitrogen, or urinary orotic acid (table S10). However,
an increase in urinary nitrate was seen (Fig. 4C). Furthermore,
when volunteers were dosed orally with oral 15N-ammonium chlo
ride (15NH4Cl; 20 mg/kg) during treatment with SYNB1020, we ob
served an increase from baseline in plasma 15N-nitrate and urinary
15
N-nitrate [means (90% confidence interval), 1160 (955 to 1370)
mole percent excess (MPE)·ml] in the 5 × 1011 CFU SYNB1020 TID
treatment group, but not in the placebo group (Fig. 4, D and E). The
increase in 15N-nitrate was dose responsive. We observed no change
Kurtz et al., Sci. Transl. Med. 11, eaau7975 (2019)
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Vomiting
Abdominal
discomfort

from baseline in urinary or plasma 15N-urea or plasma 15N-citrulline
(table S11). SYNB1020 was detected by strain-specific qPCR in the
feces of all volunteers in the treatment groups but none of the pla
cebo volunteers, and the maximum qPCR copy number increased in
a dose-dependent manner (Fig. 5A). Steady-state levels of SYNB1020
DNA in feces were reached by 2 days based on visual estimation.
The mean residence time after cessation of dosing was 48 hours.
There was no evidence of colonization because SYNB1020 was be
low the limit of detection in feces within 2 weeks of the last dose
(Fig. 5B). We also confirmed that SYNB1020 excreted in stool was
alive and metabolically active. Because SYNB1020 does not contain a
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Fig. 4. Evaluation of SYNB1020 safety and pharmacodynamics in healthy volunteers receiving 14 days of dosing with SYNB1020 or placebo. (A) Diurnal mean
plasma ammonia levels measured over 24 hours across MAD cohorts of healthy volunteers treated with placebo (n = 6), 2 × 109 CFU TID (n = 6), 2 × 1011 CFU TID (n = 6),
or 5 × 1011 CFU TID (n = 5). (B) Individual 24-hour plasma AUC ammonia concentrations in MAD cohorts treated with placebo (n = 6), 2 × 109 CFU TID (n = 6), 2 × 1011 CFU
TID (n = 6), or 5 × 1011 CFU TID (n = 5). Individual volunteers are shown as black lines. Mean ammonia AUC per cohort is depicted in blue. (C) Urinary nitrate concentrations
were measured 24 hours after dose in MAD cohorts by a colorimetric method in MAD cohorts treated with placebo (n = 6), 2 × 109 CFU TID (n = 6), 2 × 1011 CFU TID (n = 6),
or 5 × 1011 CFU TID (n = 5). Nitrate concentration was multiplied by the total urine volume to obtain total nitrate in micromole. (D) Mean plasma AUC (0 to 24 hours)
15
N-nitrate change from baseline (CFB) after oral administration of 15N-NH3Cl in MAD cohorts treated with placebo (n = 6), 2 × 109 CFU TID (n = 6), 2 × 1011 CFU TID (n = 6),
or 5 × 1011 CFU TID (n = 5). (E) Total 15N-urinary nitrate change from baseline after oral administration of 15N-NH3Cl in MAD cohorts treated with placebo (n = 6), 2 × 109
CFU TID (n = 6), 2 × 1011 CFU TID (n = 6), or 5 × 1011 CFU TID (n = 5).

selectable marker for confirmation of live bacteria, we instead
demonstrated the activity of SYNB1020 present in fecal samples
by measuring the arginine biosynthetic activity in human stool after
introducing 15N-NH3 into the stool homogenate and then quantify
ing the amount of 15N-arginine produced. 15N-arginine production
was observed in stool samples from untreated healthy volunteers
inoculated with increasing SYNB1020 CFU (Fig. 5C) and from
volunteers treated orally with SYNB1020 for 14 days, but not from
predose stool samples or from placebo control stool samples (Fig. 5D).
These studies show that SYNB1020 cells were viable and metaboli
cally active in feces after passage through the GI tract of healthy
humans.
Kurtz et al., Sci. Transl. Med. 11, eaau7975 (2019)
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DISCUSSION

We demonstrated the design, characterization, and translational
development of SYNB1020 as a clinical candidate for the treatment
of hyperammonemia. Although several engineered bacteria and
probiotic strains have been created and tested in preclinical models
(61), few have progressed into clinical development. An engineered
Lactococcus lactis strain producing interleukin-10 has been evaluated
clinically for the treatment of inflammatory bowel disease (62), and
a L. lactis strain producing trefoil factors has been studied for
the treatment of oral mucositis (63). Some studies with Listeria
monocytogenes strains engineered as vaccines for various cancers
have also been evaluated (64). However, published data describing
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Fig. 5. SYNB1020 excretion profile and activity in stool from healthy volunteers. Groups of eight volunteers per cohort (six SYNB1020 and two placebo) were enrolled and dosed with either placebo (n = 6) or SYNB1020 at 2 × 109 CFU TID (n = 6), 2 × 1011 CFU TID (n = 6), or 5 × 1011 CFU TID (n = 5). (A) Steady-state concentrations
of SYNB1020 DNA in feces of healthy volunteers dosed for 14 days. (B) Clearance of SYNB1020 DNA from volunteers’ stool after dosing using qPCR (LLOQ, 10 copies/5 ng
of DNA). (C) 15N4–l-arg production after normal stool (n = 2 per group) was spiked with 15N-NH3 and increasing doses of SYNB1020. (D) Stool from healthy volunteers
dosed with placebo (black circles; n = 2 per group) or SYNB1020 (open squares; n = 6 per group) was inoculated with 15N-NH3, and 15N4–l-arg was measured.

the preclinical and translational characterization of the drug-like prop
erties of these strains, including safety, exposure, excretion profile,
dose response, and biomarkers demonstrating strain activity in hu
mans are limited.
We modified the genome of EcN to substantially enhance am
monia consumption through the increased production of arginine
over the wild-type strain. We showed that, in contrast to previous
engineered arginine-producing E. coli strains (36), adding a feedback-
resistant version of N-acetylglutamate synthase (argA) under con
trol of FNR and deleting the arginine repressor gene (argR) had a
substantial effect on gene expression when cultured anaerobically,
with the modified strain exhibiting increased expression of the full
arginine biosynthetic pathway and decreased expression of genes in
volved in arginine catabolism. Concentrations of arginine produced
Kurtz et al., Sci. Transl. Med. 11, eaau7975 (2019)
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by SYNB1020 (and extrapolated to human production over 24 hours)
are expected to be <12 mg/kg per day, well below amounts used as
dietary supplements, and are thus are expected to be safe (46).
The design of SYNB1020 also included a feature to limit its rep
lication, the deletion of thyA, rendering the strain a thymidine
auxotroph. Our transcriptomic analysis of EcNthyA revealed that
deletion of thyA had a profound effect on the overall state of the
bacterial cell, even in the presence of exogenous thymidine, result
ing in transcriptional signatures of cellular stress. A signal of stress
response in the presence of thymidine may reflect either the need
to transport exogenous thymidine into the cell or the requirement
to convert thymidine to deoxythymidine monophosphate, a reac
tion that consumes adenosine 5′-triphosphate (65). This stress may
also present an adaptive pressure on engineered EcN. However,
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based treatments delivered to the upper intestinal tract (72, 74, 75).
EcN (Mutaflor) has been well tolerated in adult and pediatric pa
tients, with the most common side effect being flatulence (72); how
ever, commercial doses of Mutaflor are lower (2.5 × 109 to 2.5 × 1010
CFU per dose) than the concentrations explored in this study (2.0 ×
109 to 2.0 × 1012 CFU per dose). Because of the short duration of
this study and the nonreplicative nature of the SYNB1020 strain, we
did not evaluate the effect of chronic dosing with SYNB1020 on the
microbiome. Future human studies with longer-term dosing may
be more appropriate to evaluate these changes. This study was not
designed to detect any change in ammonia in healthy individuals
whose physiological concentrations are tightly controlled. Arginine
can be metabolized by nitric oxide synthase, resulting in production
of nitric oxide and citrulline (78), and ultimately excretion of nitrate
in urine. A dose-dependent elevation in concentrations of urinary
nitrate and plasma and urinary 15N-nitrate was observed in healthy
volunteers dosed with SYNB1020, making nitrate a potential indi
cator of strain activity in humans. Although we were able to detect
urinary nitrates in mice and monkeys in some studies, we did not
consistently and reliably observe elevations of this marker (or other
arginine-related metabolites) with our bacteria in preclinical spe
cies, which could be potentially explained by differences in diet,
microbiota composition, and/or gut-residence time between ani
mals and humans.
Traditional pharmacokinetic measures are not applicable in gut-
based therapies because the bacteria are not systemically absorbed,
and thus, blood concentrations cannot be measured. To follow the
exposure and excretion profile of SYNB1020, we used a sensitive
and specific qPCR method to detect the bacteria in fecal samples
collected from mice, monkeys, and humans. This tool allowed us to
establish a dose response for SYNB1020 and an excretion profile
through demonstration of presence of SYNB1020 in feces. Establish
ing that SYNB1020 was not detectable in tissues outside the GI tract
was also a valuable preclinical use of this tool. EcN can improve
intestinal barrier function (75) and is used in chronic treatment of
inflammatory bowel disease where barrier function may be com
promised (41–44). In the TAA model, which has increased intes
tinal permeability, we found reduced uptake of orally delivered
fluorescein isothiocyanate–labeled dextran, a marker of intestinal
permeability (76). These observations will be supported by further
study of the safety of engineered EcN strains in chronic disease
models and patients.
Limitations of this study include the inability to detect a quanti
tative biomarker of arginine production in preclinical species or
humans and the inability to define a likely therapeutic dose range
in patients with metabolic disease. A quantitative biomarker or in
dicator of strain activity could provide a means of dose extrapola
tion between preclinical species and humans and between healthy
volunteers and patients. Our inability to detect such a biomarker
may be due to the complex and rapid metabolism of arginine to a
large number of products such as ornithine, citrulline, nitric oxide
(further oxidized to nitrate and excreted in urine), urea, creatine,
agmatine, polyamines, proline, and others (77). In addition, arginine
metabolism is heavily compartmentalized between various organs
including the liver, kidneys, intestine, and vascular endothelium (77),
adding another layer of complexity. However, a previous study, us
ing a 15N-arginine tracer, has shown that ~60% of orally delivered
arginine is metabolized to urea in humans, a conversion mostly at
tributed to intestinal arginase activity (78). Therefore, most of NH3
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implementation of this biocontainment strategy prevented repli
cation of the cells in the absence of exogenous thymidine and is
therefore unlikely to result in genetic drift in vivo. The thyA dele
tion did not impair expression of the arginine biosynthesis path
way in vitro. Whereas the strain does show the expression of
stress response genes even in the presence of exogenous thymi
dine, growth of the strain during manufacturing (with thymidine
supplementation) occurred at a rate that was indistinguishable
from that of a nondeletion strain. Hence, there is no anticipated
adaptive pressure for mutants to arise during manufacturing, and
we have failed to isolate any variants from our manufacturing ef
forts that are capable of growth in the absence of thymidine sup
plementation. Consequently, we interpret the expression of stress
response genes to reflect the fact that thymidine supplementation
of a thyA deletion strain is not physiologically identical to endoge
nous thymidine production in a thyA+ strain but does not neces
sarily signal that the deletion strain is compromised for its ability
to grow and replicate at a healthy rate. These observations under
score the importance of studying the global impacts of auxotrophy
strategies on the physiology of engineered strains.
SYNB1020 demonstrated dose-dependent lowering of plasma am
monia and improved survival in OTC spf ash mice. The OTC spf ash
mouse model carries a splicing mutation in the gene encoding OTC,
one of the most common genetic loci associated with human UCDs
(60, 66). Hyperammonemia can induce cerebral edema, energy failure,
neurotransmitter alterations, reactive oxygen species, or inflamma
tion (67, 68), and although we did not directly explore these mech
anisms in this study, it is possible that SYNB1020 and SYNB1020KR
enhanced survival by decreasing these ammonia-induced effects. We
also used the TAA-based hepatic injury model in wild-type Balb/c
mice, an accepted preclinical model of HE, as a second model of
systemic hyperammonemia (69). In both mouse models, a dose of
5 × 109 to 1 × 1010 CFU was efficacious in lowering ammonia. How
ever, projection of a suitable human dose for gut-based therapies
from preclinical models is challenging due to differences in GI phys
iology, substrate concentration, and metabolism. Probiotics, includ
ing VSL#3 and EcN, have previously been shown to have beneficial
effects in cirrhotic patients. It has been reported that fasting ammo
nia levels were decreased in cirrhotic patients treated with probiotic
VSL#3, whereas ammonia increased in patients receiving placebo
(70). In addition, reductions in venous ammonia levels were reported
after 30 days of synbiotic supplementation compared to presupple
mentation values in cirrhotic patients (71). EcN has been reported
to have antimicrobial and anti-inflammatory/immunomodulatory
effects as well as direct restorative effects on gut epithelium and per
meability (72, 73). In our studies, we observed that the non-arginine–
producing strains EcN and EcNargRthyA caused no statistically
significant ammonia lowering in both models tested and no notable
improvement in survival in OTC spf ash mice, suggesting that the
efficacy observed with SYNB1020KR is driven by the engineered
ammonia-arginine pathway. The efficacious human dose will be
further explored clinically in patients with hyperammonemia.
SYNB1020 was advanced to human testing in a SAD/MAD trial
in healthy adult male and female volunteers and found to be safe
and well tolerated at dose concentrations up to 5 × 1011 CFU TID
for 14 days, with no systemic toxicities of infections observed. Nau
sea and vomiting at the highest doses (single and multiple doses of
2 × 1012 CFU and one subject administered 5 × 1011 CFU) were ob
served and have been reported in clinical trials for other microbiome-
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MATERIALS AND METHODS

Study design
In this study, we engineered the probiotic bacterium EcN to create
the strain SYNB1020, which consumes ammonia in its environment
and converts it to arginine. The endogenous arginine biosynthetic
pathway was modified in this strain to remove natural feedback
repression from arginine and to induce expression of arginine
biosynthetic genes under control of an anaerobic promoter. The
strain was tested in vitro for ammonia consumption and arginine
production and metabolism, and safety was evaluated in two mouse
models of hyperammonemia. The tolerability, biodistribution, and
pharmacokinetics of the strain were tested in female cynomolgus
monkeys. The strain was also tested in humans for safety, tolera
bility, and production of metabolites of arginine. All procedures
performed on animals were in accordance with the humane guide
lines for ethical and sensitive care by the Institutional Animal Care
and Use Committee (IACUC) of the U.S. National Institutes of
Health.
Mouse studies
The objectives of the studies conducted in mice were to demonstrate
the exposure of orally administered bacteria to the intestinal tract
and to measure the efficacy in two preclinical models of hyperam
monemia. Studies were conducted in models of hyperammonemia,
including the OTC spf ash and TAA mice. In these studies, the effects
of SYNB1020 and related arginine-producing strains were compared
to unengineered EcN or heat-killed SYNB1020 (Fig. 2, A to D). The
excretion profile of SYNB1020 was evaluated in mice after 28 days
of oral treatment with SYNB1020 (Fig. 3).
Repeat-dose tolerability and pharmacokinetic study in female
cynomolgus monkeys
The methods for these studies have been previously described
(40). The animals were group-housed in temperature- and humidity-
controlled environments in cages that complied with the Animal
Welfare Act. They were offered PMI’s LabDiet Fiber-Plus Monkey
Diet 5049 biscuits BID and provided fresh drinking water ad libitum.
Animals were given fruits, vegetables, other dietary supplements,
and cage enrichment devices throughout the course of the study
according to the facility standard operating procedures. Animals
Kurtz et al., Sci. Transl. Med. 11, eaau7975 (2019)
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were fasted for at least 2 hours before dose administration and fed
within 1 hour after dose. Briefly, SYNB1020KR and EcNKR dosing
formulations were prepared daily from frozen stocks and were dosed
via nasogastric tube to three females per group once daily for 28 days
at levels of 0 (PBS buffer), 1 × 109, and 1 × 1012 CFU per animal.
In-life assessments included daily clinical observations and weekly
body weights. Blood samples were collected for clinical pathology
assessment before the initial dose and on days 2, 14, and 30. Samples
for fecal analysis for the presence of SYNB1020KR or EcNKR were
also collected twice weekly during the study and after dose for an
additional 7 days. No terminal necropsies were performed, and
animals were returned to the stock colony at the end of the recovery
period.
These studies were conducted in a facility accredited by the
Association for Assessment and Accreditation of Laboratory Ani
mal Care that has an Animal Welfare Assurance issued by the Of
fice of Laboratory Animal Welfare and is registered with the U.S.
Department of Agriculture. The study was reviewed and approved
by IACUC responsible for compliance with applicable laws and reg
ulations concerning the humane care and use of laboratory animals.
Clinical study in healthy human volunteers
A phase 1, randomized, double-blinded, placebo-controlled, dose-
escalating study (NCT03179878) evaluated SYNB1020 in healthy
volunteer male and female volunteers in the inpatient setting to
evaluate safety and tolerability of SYNB1020 versus placebo (Fig. 4
and table S7). This study was conducted according to the provisions
of the Declaration of Helsinki and its current amendments, and
the International Conference on Harmonization Guidelines for
Good Clinical Practice. All volunteers reviewed and signed informed
consent forms approved by the institutional review board before
initiation of study procedures. Both volunteers and investigators were
blinded to randomized treatment group assignment. The primary
objective was to evaluate the safety and tolerability of SYNB1020
after single and multiple doses in healthy volunteers. The end points
related to this objective included the nature and frequency of ad
verse events, laboratory assessments (e.g., blood chemistry, complete
blood count, and urinalysis), and ECGs. Secondary and exploratory
objectives were assessment of GI tolerability, SYNB1020 kinetics in
feces (measured with qualitative and qPCR fecal assays) after dos
ing, measurements of plasma ammonia (including 24-hour AUC),
amino acids, and blood urea nitrogen; 24-hour urinary urea and
nitrogen and urinary orotic acid; and fecal nitrogen. In addition,
nitrogen metabolism was studied using stable isotope 15NH4Cl
measuring urinary total 15N, 15N-urea (N1 and N2), 15N-nitrate,
15
N-ammonia, plasma 15N-urea (N1 and N2), 15N-nitrate, and
15
N-citrulline. The dosing and study design are shown in fig. S5.
Volunteers were followed for safety and SYNB1020 clearance for
up to 100 days after the last study dose.
This study was composed of adult (18 to 64 years) healthy male
and female volunteers of nonchildbearing potential who had no
acute or chronic medical, surgical, psychiatric, or social conditions
or laboratory abnormalities that may have increased subject risk or
confounded interpretation of study results. Prohibited medical con
ditions (current and/or past) comprised autoimmune disorders
(including inflammatory or irritable bowel disorders), infectious
diseases, active infections, hematemesis or hematochezia, diabetes
mellitus, personal or family history of UCD, dependence on alcohol
or drugs of abuse, or surgery or hospitalization within 6 months of
screening.
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converted to arginine by SYNB1020 might be excreted in the
form of urinary urea. Unfortunately, the amount of urea excreted in
urine at baseline was too large and variable for us to detect reliable
quantitative changes in urea excretion after SYNB1020 treatment in
our preclinical model or clinical study. Unlike urea, the excretion of
nitrate in urine accounts for a much smaller fraction of dietary argi
nine, ranging from 0.07 to 0.4% depending on the route of adminis
tration (oral or intragastric) (79, 80), and the proportion of urinary
nitrate originating from dietary arginine is substantial (80). Although
elevation in plasma and urinary nitrate is a potential qualitative in
dicator of arginine metabolism related to strain activity, it may not
be a quantitative marker for arginine given the alternative mecha
nisms of elimination of arginine described above.
On the basis of the preclinical activity of SYNB1020 and its safe
ty and tolerability in humans, we propose that this strain should
be further evaluated in conditions of hyperammonemia including
UCD and HE. SYNB1020 is currently being evaluated in a phase
2a study in patients with cirrhosis (ClinicalTrials.gov, identifier:
NCT03447730).
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Fig. S1. Demonstration of in vivo induction of the PfnrS using green fluorescent protein as a
reporter in EcN strain.
Fig. S2. EcN strains lacking the thyA gene fail to grow in rich media lacking exogenous
thymidine.
Fig. S3. Differential gene expression for SYNB1020 compared to EcN for genes in the l-arg
biosynthesis pathway.
Fig. S4. Dose-dependent fecal excretion of EcN and SYNB1020 strains in mice.
Fig. S5. Study design of a randomized, double-blinded, placebo-controlled study to assess the
safety, tolerability, and pharmacodynamics of SYNB1020 in healthy volunteers.
Fig. S6. Change from baseline in C-reactive protein.
Fig. S7. Time-matched change from baseline for diastolic blood pressure.
Fig. S8. Time-matched change from baseline for systolic blood pressure.
Table S1. Differential gene expression comparisons of SYNB1020 and EcNΔthyA to EcN in vitro.
Table S2. Quantification of viable SYNB1020KR in mouse cecolonic samples over time.
Table S3. Average ECNStrR or SYNB1020KR CFU recovered from GI contents of mice dosed with
each strain.
Table S4. Activity rate of SYNB1020KR recovered from mouse cecum and colon.
Table S5. Arginine pathway metabolites in mouse and nonhuman primates.
Table S6. Clinical and laboratory results from a 28-day oral toxicity study of SYNB1020 in mice.
Table S7. Mice with detectable SYNB1020 DNA in tissues as measured by qPCR.
Table S8. Baseline demographics for the phase 1 study population.
Table S9. ECG QT interval in the phase 1, multiple-day, study population.
Table S10. Laboratory results for urea cycle products in the multiple-day cohort phase 1 study
population.
Table S11. 15N metabolites in the phase 1 study population.
Table S12. Primers used to characterize SYNB1020 genetic modifications.
Table S13. Fermentation medium (FM1).
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An anti-ammonia probiotic
Hyperammonemia, or excess blood ammonia, is a serious condition that can result in brain damage and
death. In pursuit of a potential therapeutic, Kurtz et al. modified the metabolism of a probiotic E. coli strain to
overproduce arginine, thereby sequestering some of the ammonia produced by gut bacteria into the amino acid
molecules. The engineered strain, called SYNB1020, lowered blood ammonia, increased survival in mouse
hyperammonemia models, and showed repeat-dose tolerability in nonhuman primates. A phase 1 dose-escalation
study in healthy human volunteers resulted in no serious adverse events and indicated that the bacterium was
metabolically active in vivo, suggesting that SYNB1020 warrants further clinical development.

