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Abstract

The expanding knowledge of the health impacts of the metabolic activities of the gut microbiota reinforces the current interest in
engineered probiotics. Tryptophan metabolites, in particular indole lactic acid (ILA), are attractive candidates as potential therapeutic
agents. ILA is a promising compound with multiple beneficial effects, including amelioration colitis in rodent models of necrotizing
enterocolitis, as well as improved infant immune system maturation. In this work, we engineered and characterized in vitro and in vivo
an Escherichia coli Nissle 1917 strain that produces ILA. The 2-step metabolic pathway comprises aminotransferases native of E. coli
and a dehydrogenase introduced from Bifidobacterium longum subspecies infantis. Our results show a robust engineered probiotic that
produces 73.4 & 47.2nmol and 149 + 123.6 nmol of ILA per gram of fecal and cecal matter, respectively, three days after colonization
in a mouse model. In addition, hereby is reported an engineered-probiotic-related increase of ILA in the systemic circulation of the
treated mice. This strain serves as proof of concept for the transfer of capacity to produce ILA in vivo and as ILA emerges as a potent
microbial metabolite against gastrointestinal inflammation, further development of this strain offers efficient options for ILA-focused

therapeutic interventions in situ.
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Introduction

As a part of human physiology, the gut microbiome consists of
millions of microbial species, which collectively function as an
additional endocrine organ (Clarke et al. 2014). The vast array of
microbially derived molecules in the gut influences the host in
multiple ways, and microbiome imbalances have been linked to
conditions like metabolic syndrome (Cani 2019), immune system
maturation (Francino 2014), obesity (Sharma et al. 2018), inflam-
matory bowel diseases (IBD) (Lavelle and Sokol 2020), and neu-
ropsychiatric conditions (Rutsch et al. 2020). Because of their mul-
tiple physiological connections in health and disease, these gut
metabolites present an opportunity for developing a new genera-
tion of therapeutics; the a dvanced microbial therapeutics (AMTs),
which are live biotherapeutic probiotics engineered for in situ ther-
apeutic activity (Mimee et al. 2016).

Advances in synthetic biology allow the development of pro-
biotic strains engineered to encode for desirable molecules and
functions (Pedrolli et al. 2019). AMTs can be chosen or designed to
survive the gastric environment and establish themselves in the
intestine. In situ delivery of AMT-produced molecules is beneficial
since loss resulting from the gastric passage can be avoided, and
local dosingis expected to increase the therapeutic effect. In addi-
tion, genetic manipulation may further expand their capabilities
in multiple ways, such as controlling the AMTs exact localization
(Ryan et al. 2009), expressing the therapeutic molecule on demand
(Kotula et al. 2014), and controlling the colonization period (Shep-
herd et al. 2018) as reviewed elsewhere (Ozdemir et al. 2018).

A promising approach in engineered probiotics comprises the
application of AMTs that will enhance the production of benefi-
cial metabolites native to the microbiome (Suez and Elinav 2017,
Singh etal. 2019, Lavelle and Sokol 2020, Peredo-Lovillo et al. 2020).
Natural producers, i.e. probiotic strains, are not always coloniz-
ing efficiently (Zmora et al. 2018, Han et al. 2021) and the lack of
information on their exact interactions with the microbiome ob-
structs efforts of standardized use. Moreover, as these compounds
are mainly secondary metabolites, their production is greatly in-
fluenced by the surrounding microbial community (Chevrette et
al. 2022). Incorporation of new biosynthetic pathways into AMTs
offer the opportunity of effective options for control of the pro-
duction of desired metabolites, and provide new opportunities for
localization and colonization of the producing strain in the gut.
Application of AMTs is thus relevant in contexts where the natu-
ral producers in the microbiome are low or depleted, for example
due to antibiotic treatments or disease-induced alterations of the
microbiome composition.

Indole lactic acid (ILA) is such a metabolite, as evidence sug-
gests that ILA, besides acting directly as an antimicrobial (Zhou et
al. 2022) promotes immune system (Henrick et al. 2021, Laursen et
al. 2021) and neuronal (Wong et al. 2020) development and atten-
uates inflammation in the infant and adult gut (Ehrlich et al. 2020,
Meng et al. 2020). Its production is a result of tryptophan fermen-
tation occurring in a two-step reaction. First, an aromatic amino-
transferase converts tryptophan to indole pyruvic acid (IPyA), and
an aromatic lactate dehydrogenase further converts IPyA to ILA.
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This reaction is part of a longer pathway with indole propionic
acid (IPA) asits end product (Liu et al. 2020). ILA-producing intesti-
nal bacteria encode either for a complete pathway or parts of it
(Roager and Licht 2018), and the enzymes involved in these path-
ways are believed to be able to catalyze the conversions of all three
aromatic amino acids (Dodd et al. 2017). Multiple gut species are
ILA producers, amongst them Bacteroides, Clostridium, Peptostrepto-
coccus (Russell et al. 2013), Lactobacillus (Cervantes-Barragan et al.
2017), and Bifidobacterium (Sakurai et al. 2019) species.

Modern day diets have been shown to further decrease the mi-
crobiome ILA producers (Wilck et al. 2017). Producing Bifidobac-
terium sp. are unpredictable colonizers (Xiao et al. 2021, Derrien et
al. 2022), and the use of engineered strains allows for utilization
of genetic tools that enhance strain engraftment. Such tools have
already been developed for use in Escherichia coli Nissle (EcN) (Kear-
ney et al. 2018, Shepherd et al. 2018). Additionally, EcN offers mul-
tiple possibilities to ensure biocontainment of engineered strains
(Mandell et al. 2015, Piraner et al. 2017). We therefore aimed to de-
velop an EcN strain that boosted ILA production in vivo and could
serve as a proof of concept inspiring further development. A gene
encoding the aromaticlactate dehydrogenase, which is exogenous
to EcN, was introduced on a modified native plasmid of EcN, and
the capacity of the strain to produce ILA was tested in vitro and in
vivo in a mouse model. The genetic construct was designed to con-
stitutively produce higher levels of ILA than obtained with natu-
rally producing Bifidobacterium sp. (Sakurai et al. 2019). In addition
to the production of ILA, we monitored the aromatic lactic acids
(aLAs) derived from tyrosine and phenylalanine, as well as the pre-
cursor aromatic amino acids and the intermediate aromatic PyAs.

Materials and methods

Strains

The probiotic strain used in this study, ECN_GFP, StrepR: E. coli
Nissle 1917 is a modified version of the wild-type E. coli Nissle 1917
(tradename Mutaflor, Ardeypharm, Germany). It expresses GFP
(integrated into the Tn7 attachment site) and encodes for strepto-
mycin resistance. In the following, this strain will be noted as EcN,
while the wild-type strain will be noted as EcN WT. All cloning
procedures were performed in E. coli TOP10 (Invitrogen, USA), ex-
cept for the final transformation step where the plasmids were
introduced into the EcN strain. EcN electrocompetent cells were
created using standard protocols (Green et al. 2012). All bacterial
cultures grew in LB media and were incubated at 37°C with vigor-
ous shaking. When appropriate, media were supplemented with
30 pg/ml Kanamycin and/or 50 ug/ml streptomycin for antibiotic
selection. Anaerobic cultivations were conducted in an anaero-
bic work station Whitley A95 (Don Whitley Scientific Limited, UK)
with an atmosphere of 10% Hy, 10% CO,, and 80% Nj.

Plasmids

The aldh gene (GenBank accession no. WP_014484799.1)
was  amplified from  Bifidobacterium  longum  subsp.
infantis (DSM 20088), with primers aldh_F:

GTGTATAATTGGTTACTCATAGACATAGAAGGGAAAAAGTAATGGT
CACTATGAACCGC and aldh_R: GTAAACTTGGTCTGACAGTC
ACAGCAGCCCCTTGC), which included a 15-18bp-long se-
quence of the vector on their 5end (underlined). An RBS
appropriate for E. coli Nissle 1917 was generated in silico with
a target initiation rate of 10000 au (Salis 2011, Hecht et al.
2017), and its sequence was integrated into the 5'end of aldh_F
alongside an appropriate promoter sequence (underlined).

The promoter used in this study was #1.7 of the Schantzetta
library of constitutive promoters specifically developed for
precision engineering in AMT development (Armetta et al.
2021) Primers pHH_F: CACTGCAAGGGGCTGCTGTGACTGT
CAGACCAAGTTTACTATACTTTAGGCTGCCAGTCG and pHH_R:
CTATGAGTAACCAATTATACACGTAGGAGGAACGACGAGTCAAGCA
GAGGTACCGCGGACAAGAC were used for the amplification
of the pHH vector. The primers included a part of the pro-
moter and RBS (pHH_R) and the aldh sequence (pHH_R)
on their 5end (underlined). Cloning was performed with
the Gibson assembly method (NEB, USA). The pHH-control
plasmid was generated by amplifying the pHH backbone
with primers pHH bck F: TATACTTTAGGCTGCCAGTC and
pHH_bck_R: CCAATTATACACGTAGGAGG and then performing a
blunt ligation of the product. Both plasmids were introduced in
the EcN strain by standard electroporation, creating EcN aldh and
EcN strains.

In vitro characterization of the engineered strain
Growth curves were generated from single colonies overnight (ON)
inoculates, that next day were diluted 1:1000 in fresh medium
and incubated at 37°C for 10 hours in microplate readers Victor X4
(Perkin Elmers, USA) in aerobic conditions and Inifinite F50 (Tecan,
Switzerland) in anaerobic conditions. ODggy measurements were
taken every 30 minutes following a shaking pulse.

Single colonies of the strains were inoculated ON and next day,
were diluted 1:50 in fresh medium and incubated to an ODggg of
around 0.4. OD (early logarithmic phase, time = 0 hour) was mea-
sured with Novaspec® III + Spectrophotometer (Biochrom, UK).
After 2 hours of incubation, the strains were tested for ILA produc-
tion by LC-MS as described below. Samples were taken at O hours
and 2 hours, centrifuged at 16 000 g for 10 minutes at 4°C, and the
supernatant was collected and stored at —20°C for metabolite pro-
filing. The 2-hour incubation was performed in triplicates. The ex-
periment was repeated three times. The total protein content of
the samples at 0 hours was used to normalize the metabolite con-
centrations detected in the 2 hours samples. The total protein con-
tent was quantified using Pierce BCA Protein Assay kit (Thermo
Scientific, USA).

Strain preparation for oral dosing—flow
cytometry

EcN aldh and EcN strains were grown ON. The next day, the cul-
tures were centrifuged at 4000 g for 10 minutes and washed two
times with sterile PBS. Bacteria were re-suspended in sterile PBS.
Both strains continuously produce GFP; thus absolute measure-
ments of their concentration were obtained by flow cytometry, us-
ing flow cytometer MACSQuant® VYB and software MACSQuan-
tify™ (Miltenyi Biotec, Germany). Following absolute quantifica-
tion, the concentration of the PBS suspensions was adjusted to
10% CFUmI~! and the solutions were stored at room temperature
until oral gavage.

In vivo experiment

NMRI mice (n = 16, 6-weeks old) were purchased from Taconic
Biosciences (Lille Skensved, Denmark). Throughout the experi-
ment, they were housed under controlled environmental condi-
tions (12-h light/dark cycles, temperature 22°C, humidity 55%, 50
air changes per hour) and had access to ad libitum water and food
(SAFE Scientific Diet A30). During the first week, they were ran-
domly housed in pairs for acclimatization.
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On the first day of treatment, we allocated the mice into two
groups of eight (each group housed into four cages of two ani-
mals) and their drinking water was supplemented with strepto-
mycin sulfate (5gl™?). The solution was sterile filtered (Bottle Top
Vacuum Filter with 0.22 um pores) and stored at 4°C until use. The
assignment to groups was randomized per weight. The next day,
the mice were gavaged with bacterial solutions of the engineered
strains (100 ml of a solution with 10% CFUs/ml). One group received
the EcN aldh, and the other the EcN strain. Three days after, the an-
imals were anesthetized in hypnorm/midazolam (0.1ml/10g SC)
before opening the abdominal cavity/thorax and withdrawal of
heart blood (collected in sterile Eppendorf tubes) and euthanasia
by cervical dislocation.

Animal weight was recorded on the first and last day of the
intervention. The Danish Animal Experiments Inspectorate ap-
proved the experimental design and protocol with authorization
number 2020-15-0201-00484 C1. The National Food Institute in-
house ‘Animal Welfare Committee for animal care and use’ over-
saw the experiments.

Collection of samples: Fecal samples were collected daily from
each individual mouse from one day before streptomycin admin-
istration. Each pellet was stored at —80°C within 30 minutes af-
ter collection. Peripheral blood was sampled on the day of strep-
tomycin treatment and before termination of the animals and
stored at —20° until further processing. At the time of dissection,
gut content (from the ileum, cecum, and colon) samples were col-
lected, temporarily stored at 4°C and then moved to —80°C until
further processing.

CFU enumeration

Upon euthanization, fresh gut content samples from the ileum,
cecum, and colon of each mouse were diluted in sterile MilliQ wa-
ter in a ratio of 1:5 and vortexed until all content was dissolved.
The samples were serially diluted in decimals of up to 10~° and
plated on LB plates supplemented with streptomyecin that selects
for the chassis strain regardless of pHH backbone, or a combi-
nation of streptomycin and kanamycin that select for the chas-
sis and the pHH backbone. The dilutions ranging from 10~* to
102 were plated in triplicates using the single plate-serial dilu-
tion spotting technique on 1-well culture plates (Thomas et al.
2015).

DNA extraction

On the day of DNA isolation, fecal and gut content samples were
thawed at 4°C, sterile MilliQ water was added at a ratio of 1:5,
followed by vortexing until all fecal matter was dissolved. Sam-
ples of <20mg were diluted in 100 pl sterile MilliQ, and the dilu-
tion factor was calculated individually during downstream anal-
ysis. The mix was centrifuged for 10 minutes at 16000 g at 4°C.
The pellet was used for DNA extraction with the DNeasy Power-
Soil Kit (Qiagen, Germany). DNA purity and concentration were
assessed with the Qubit dsDNA HS assay kit (Thermo Fisher Sci-
entific, USA). The supernatants were transferred to new tubes, and
were centrifuged under the same conditions and the subsequent
supernatants were transferred in new tubes and stored at —20°C
until further processing.

Quantitative PCR

Strain colonization was assessed by absolute quantification using
gPCR on the fecal and gut content DNA samples. The assay was
performed using the LightCycler® 480 SYBR Green I Master Mix
(Roche, Switzerland) with strain-specific primers. Forward primer
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453: 5'-TCTTCACCTCGAGTTTACACC-3' binds to genomic DNA
25bps upstream of the GFP insertion site and Reverse primer 13:
5-CTTTTCACTGGAGTTGTCCC-3' binds 10 bp downstream of the
GFP insertion site. A total of 5-20ng of total DNA were used as
a template and the reaction volume was 10 pl. Each reaction ran
in triplicates in a 384-well format on the LightCycler® 480 Instru-
ment II (Roche, Switzerland). The program comprised 5minutes
at 95°C, followed by 42 cycles of 10seconds at 95°C, 15 seconds
at 52°C and 15seconds at 72°C. Melt curve analysis comprised
Sminutes at 95°C, 1 minute at 65°C and continuous temperature
increase (ramp rate 0.11°C s-1) until 98°C. The standard curve was
prepared from tenfold dilutions of the EcN DNA at a range of 10°
to 107 copies/ul. Replicates with SD of Ct values >0.5 were ex-
cluded from further analysis. Data analysis was performed with
the LinRegPCR software (Ruijter et al. 2009).

Quantification of aromatic amino acids and
metabolites by LC-HRMS

Standard solutions of the nine analytes and three internal stan-
dards solutions (IS) were prepared to a final concentration of
1mg/ml, as noted in Supplementary Table 1. An IS mix solu-
tion (16 pg/ml) was prepared in MilliQ water, containing all three
isotope standards, and a standard mix solution (40 ng/ml) con-
taining all aromatic amino acids and metabolites. The solutions
were then combined and mixed with MilliQ water to reach final
concentrations of 0.1 ug/ml, 0.5 pg/ml, 1 ug/ml, 2 ng/ml, 4 png/ml,
10 ug/ml, and 20 pg/ml of the standard analytes and 4 pg/ml of
the IS. Calibration curves were calculated from the analysis of
the aforementioned standard mixes. Preparation of the fecal and
gut content samples was performed with acetonitrile as the pro-
tein precipitation agent, following a previously described protocol
(Nielsen et al. 2018). The IS mix solution was added to an opti-
mized final concentration of 4 ug/ml. Serum samples were pro-
cessed as described by Zhu and colleagues (Zhu et al. 2011). All
LC vials and was stored at —20°C until analysis.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism soft-
ware, version 9 (GraphPad Software Inc., USA). Results are ex-
pressed as mean and standard deviation (SD) in the bar plots or
median and minimum/maximum values in the box plots. Normal
distribution of the variables was assessed with the Kolmogorov-
Smirnov test (P > 0.05). Outliers were identified and subsequently
removed by application of the ROUT method (Q = 1%). Data from
the in vitro experiments was analyzed with multiple unpaired t-
tests with Welch's correction. Two-way repeated measures ANOVA
tests and the uncorrected Fisher’s LSD test was used for analyzing
data from the in vivo experiments and in cases of missing data, the
mixed model was used instead. In LC-HRMS data analysis, values
were below the limit of quantification (LOQ) and above the limit
of detection of the method were replaced with the appropriate
LOQ/2 value. A P-value of <0.05 was considered significant. Corre-
lation analysis was performed by the use of Spearman’s rank test
and to account for multiple testing, the method for controlling
false discovery rate (FDR) developed by Benjamini and Hochberg
was applied (q > 0.05) (Benjamini and Hochberg 2000).

Results

Construction of EcN aldh

Escherichia coli Nissle 1917 (EcN) has the ability to produce IPyA
endogenously (Smith and Macfarlane 1996, Romasi and Lee
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2013). Thus our objective was to introduce a lactate dehydroge-
nase (Aldh) originating from Bifidobacterium longum subsp. infantis,
which converts IPyA to ILA (Laursen et al. 2021). Tryptophan is
converted to ILA through IPyA (Fig. 1A), and phenylalanine and
tyrosine are converted to phenyllactic acid (PLA) and 4-hydroxy-
phenyllactic acid (4HPLA) through phenyl pyruvic acid (PPyA) and
4-hydroxy-phenyllpyruvic acid (4HPPyA) (Fig. 1B). The aldh gene
was cloned downstream of a constitutive promoter on a modified
version of one of the cryptic plasmids of EcN. In aerobic cultures of
TOP10 E.coli strain transformants, ILA, PLA, and 4HPLA all reached
high levels (Fig. 1C). Cultures of TOP10 E.coli bearing the empty
vector did not produce any of the three alLAs, except for traces of
PLA, verifying the contribution of Aldh in aLA production.

The engineered plasmids were transformed into our chassis
EcN strain, creating EcN carrying the empty vector and EcN aldh,
carrying the pHH-aldh vector, respectively. Grown in LB medium,
the cultures did not exhibit any large growth differences during ei-
ther aerobic or anaerobic cultivation (Supplementary Figs 1A and
1B).

Under aerobic conditions, the ILA levels of EcN aldh cultures
were significantly higher than in the respective cultures of EcN,
which did not produce ILA above the quantification level (Fig. 1D).
Anaerobic conditions provided similar results (Fig. 1E). ILA was
almost absent from the EcN cultures; thus, all ILA detected in
the EcN aldh cultures could be attributed to the introduced Aldh
catalyzing the conversion of IPyA. PLA and 4HPLA were also de-
tected in significantly high amounts in the EcN aldh cultures. How-
ever, in contrast to the ILA yield, PLA, and 4HPLA reached consis-
tently lower concentrations under aerobic condition, suggesting
favourable metabolic conditions in the absence of oxygen (Fig. 1E).

To further study the characteristics of the strains, we mea-
sured the concentration of tryptophan, phenylalanine and tyro-
sine and their respective pyruvic acids in the cultures. As, LB is
a rich medium, no additional aromatic amino acids were sup-
plemented. Their concentrations at early logarithmic phase are
noted in Supplementary Table 2. All tryptophan and approxi-
mately a tenth of phenylalanine and tyrosine were consumed in
the EcN aldh aerobic cultures. Under anaerobic conditions, the
consumption of aromatic amino acids was reduced, most likely
due to the slower growth exhibited by the strains. Compared to
the EcN strain, EcN aldh consumed similar levels of the available
aromatic amino acids, indicating a redirection of tryptophan con-
sumption towards ILA production (Supplementary Table 2). Since
its growth was unaltered, this redirection potentially did not cause
any considerable disturbance of the EcN’s innate metabolism.
The intermediates to the pathway, IPyA and 4HPPyA, were de-
tected only in traces, except for PPyA, which reached quantifiable
amounts in the EcN aldh strain (Supplementary Table 2).

In vivo experiment and streptomycin model

We evaluated the capacity of the strains to generate ILA in vivo
by utilizing a mouse colonization model. EcN is a transient col-
onizer of the murine intestinal tract (Conlan et al. 2001), thus
we applied the widely used streptomycin-treated mouse model to
ensure colonization (Wadolkowski et al. 1988). Streptomycin re-
duced the intestinal colonization barrier and selected for the re-
sistant EcN aldh and EcN strains. Conventional NMRI mice (N = 8
per group) received streptomycin in the drinking water one day
prior to oral administration with EcN or EcN aldh. We measured
the fecal concentration of the relevant metabolites before and af-
ter streptomyecin treatment to reveal the effects of the antibiotic
on ILA production by the indigenous microbiota, as well as the

concentration of the metabolites in feces for three days following
the oral administration with the EcN strains.

In the pristine mouse microbiome, PLA was presentin high con-
centrations compared to the much lower levels of 4HPLA and ILA.
Streptomycin treatment did not induce alterations to ILA levels
(Fig. 2A), while it caused a significant reduction of PLA and 4HPLA
concentrations (Fig. 2B and C). Despite their mainly dietary ori-
gin, phenylalanine and tyrosine concentrations were decreased
by streptomycin treatment, implying a substantial microbial sup-
plementation of those amino acids in the microbiome aromatic
amino acid pool, while tryptophan concentration was unaffected
by streptomycin treatment (Supplementary Fig. 2A).The interme-
diate aPyAs were either not detected of detected in concentrations
below to the limit of quantification before as well as after strep-
tomycin treatment (Supplementary Fig. 2B), with the exception of
PPyA.

Bodyweight measurements were recorded on the first and last
days of the experiment. Colonization with the strains did not af-
fect the weight, consistent with reports that EcN is nontoxic for
mice (Sonnenborn and Schulze 2009) (Supplementary Fig. 3). As
assessed by qPCR, the EcN, and EcN aldh strains reached similar
levels in feces and gut samples (Fig. 2D and E). The results were
confirmed by enumerating of CFUs on selective agar (Supplemen-
tary Fig. 4A). Absence of plasmid loss was verified by plating of gut
content on appropriate selective plates (Supplementary Fig. 4B).

EcN aldh increases al.As in vivo

The ability of the engineered strain to produce ILA in vivo was
assessed by measurement of its concentration in fecal and gut
content samples. Administration of EcN aldh led to a considerable
yield of ILA in the feces of the mice, reaching a 3-day median aver-
age of 58.2 + 13.3nmol/g (Fig. 3A), 3.6-fold higher than the control
group. Likewise, ILA levels were 5.5-fold and 4.6-fold higher in the
cecum and colon of mice carrying the EcN aldh strain compared
to mice carrying the control strain (Fig. 3A). While ILA concen-
tration was similar across compartments in the EcN mice, in the
cecum of EcN aldh mice, ILA was 149.03 £ 123.56nmol/g, and only
64.97 + 51.56 nmol/g was detected in the colon. PLA and 4HPLA
followed a pattern similar to ILA, exhibiting fecal levels 3.5-fold
and 3.6-fold higher in the EcN aldh mice than in the EcN mice.
Analysis of the cecal and colonic gut contents confirmed their
higher levels in animals colonized with EcN aldh (Fig. 3B and C).

Collectively, all aLAs rose in concentration after the oral gavage
with either EcN or EcN aldh. However, PLA levels did not reach pre-
strep levels in any of the two groups (Fig. 3B), while, in contrast,
4HPLA and ILA increased above pre-strep levels in both groups.
ILA rose continuously in all animals, with the concentration in
the EcN aldh group displaying the highest increase. Specifically,
on day three, the ILA concentration of EcN aldh mice was on av-
erage 17.9(% 13.4)-fold higher than ILA concentration observed in
the pristine microbiome of each mouse, whereas presence of ECN
contributed to an ILA increase of an 11(+ 13.6)-fold.

Influences on aromatic amino acids and
metabolites

Since EcN aldh selectively catalyzes the conversion of the aromatic
amino acids, tryptophan, phenylalanine, and tyrosine concentra-
tions were measured to follow the impact of the process on the
substrate concentrations in the gut. Likely due to the excess avail-
ability of peptides and amino acids in the intestinal environment,
the aromatic amino acid concentrations were not significantly dif-
ferent between the two groups (Supplementary Fig. 5A and 5B).
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Figure 1. Development of an E. coli Nissle 1917 strain for ILA production (EcN aldh). (A) Tryptophan to ILA degradation pathway. An aminotransferase
converts tryptophan to IPyA and a dehydrogenase converts IPyA acid to ILA. * Denotes putative endogenous enzymes that may contribute to the
catalysis of the pathway in the EcN aldh strain. (B) Conversion of phenylalanine to PLA and tyrosine to 4HPLA by the same enzymes. (C) ILA, PLA, and
4HPLA concentration in spent media of TOP10 E.coli cultures. TOP10 E.coli is transformed with the pHH empty backbone. TOP10 E.coli aldh is
transformed with the pHH-aldh construct. The mean and standard deviation (error bars) of technical triplicates are shown. (D and E) aLA
concentrations per total protein content (TPC) in the engineered strain spent media under (D) aerobic and (E) anaerobic conditions. The mean and
standard deviations (error bars) of three biological triplicates are shown. Dashed lines denote the limit of quantification of the method. Multiple
unpaired t-tests with Welch correction, were performed to determine statistically significant differences. *P < 0.05, *P < 0.01, **P < 0.001,

P < 0.0001.

Compared to the pre-treatment levels, neither the EcN nor the
EcN aldh exhibited drastic changes in their tryptophan levels, sug-
gesting that the strains cause no major disturbance in tryptophan
intestinal concentration. Measurement of the three intermediate
aPyAs revealed that IPyA was present only in traces (data not
shown). At the same time, PPyA and 4HPPyA reached much higher
concentrations and was significantly higher in the EcN aldh group
than in the EcN group (Supplementary Fig. 6).

Systemic circulation of the metabolites

Before strep treatment, the concentration of ILA in blood (serum)
was on average 1.55 & 0.24 uM, and PLA and 4HPLA reached con-
centrations of 1.1 + 0.2 uM and 1.1 + 0.4 uM, respectively. During

AMTs colonization, ILA increased significantly in the group that
received EcN aldh, whereas no significant increase of serum ILA
was detected in the EcN group (Fig. 4A). The average fold change
was 1.8 £ 0.4 and 1.2 £ 0.4 for the EcN aldh and the EcN groups, re-
spectively, suggesting a causative role of the ILA-producing AMT
in the observed increase also in circulation. PLA concentration
in the serum was reduced compared to pre-strep treatment re-
gardless of the strain (Fig. 4B), while serum 4HPLA was signifi-
cantly affected only in the group that received the control strain
(Fig. 4C). Both AMTs caused no major changes in the serum aro-
matic amino acids (Supplementary Fig. 7A). The aPyAs concentra-
tion did not change, except for an increase of 4HPPyA in the EcN
animals (Supplementary Fig. 7B).

20z aunr /| uo Jasn S3441a Aq 82601 | 2/.20PEUY/BISWAYEE0 L 0 L/10p/a]01HE/8|SWa)/ W0 dNoolwapede//:SdRy Wolj papeojumoq



6 | FEMS Microbiology Letters, 2023, Vol. 370

(A) (B) (C)
25— ns 800 200
sk ok k *
B 20— 2 =
° © 600 S 150
g £ £
S £ £
§ 157 S S
i T 400 T 100
g :,E) 400 E ,OC: 100
S 10— o 5]
§ 8 +3] 8
[&] o o
S T 200 T 50—
[&] O [&]
£ 57 & £
*
0 0———qhw— 0-
ILA PLA 4HPLA
—— Before Strep treatment (Day -1)
——= After strep treatment (Day 0)
(D) (E)
ns ns
10 * 104 || ’—|
. ] R
a _ 1EF te
S 8 g 8
g ] g ]
2 © 2 ©
5 . 5 -
8 8
§ 4 S 4
a R
(o] (o]
2 o EoN 2 ° EN
i °  EcNaldh i ° EcNaldh
e e 0 T T
0 1 2 3 Cecum Colon
Time (days)

Figure 2. Streptomycin effect and AMTs colonization (A, B, and C). Fecal concentrations of ILA, PLA, and 4HPLA on the day before and the day of
streptomycin treatment. The box plots depict the median and minimum and maximum measurements from all animals (n = 16). Statistical
significance was calculated by two-tailed student t-test. (D and E) The engineered strains colonization numbers in fecal and gut content samples. The
graphs represent the mean from eight mice and the error bars depict the standard deviation. Statistical analysis was performed using (A, B, C, and E)
paired t-tests, and (D) two-way ANOVA, uncorrected Fisher’s LSD. *P < 0.05, **P < 0.01, **P < 0.001, **P < 0.0001.

Correlation analysis between colonic AMT
colonization and aromatic metabolites

The correlation between the colonic density of the AMTs and the
detected metabolites in the fecal, colon, and serum samples on
day 3 was examined by Spearman’s rank analysis (Table 1). ECN
aldh counts in colon correlated with ILA, PLA, and 4HPLA level
in feces and with ILA and 4HPLA in the colon. Pearson’s correla-
tion analysis between EcN aldh colonic colonization and fecal and
colonic ILA levels- suggested that the relationship between the
AMT and its product is linear (data not shown). The aPyA levels in
feces were also associated to EcN aldh density. In contrast, the aro-
matic amino acid levels in feces and colon were independent of
the introduced strains in the colon, indicating that the presence
of these strains did not significantly disturb the nutrients avail-
able to the endogenous microbiota. Similar analysis of the cecal

density of the AMT in relation to the detected metabolites in the
fecal, cecal, and serum samples on day 3 did not reveal significant
correlations (data not shown).

Discussion

We have constructed an engineered probiotic, EcN aldh, which
successfully produced ILA in vitro and in vivo in the mouse gut. The
native probiotic strain of EcN 1917 encodes metabolic pathways
capable of IPyA production. Thus, by adding a single gene encod-
ing an enzyme that efficiently converts aPyAs to the correspond-
ing aLAs to one of the cryptic plasmids of EcN, we successfully
directed its metabolism towards ILA production. The engineered
strain was functional under aerobic and anaerobic conditions
and grew at the same rate as its unmodified counterpart. In vivo
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Figure 4. Blood pharmacokinetics of EcN aldh mice. (A) Serum concentration of (A) ILA, (B) PLA, and (C) 4HPLA before and after treatment with the
AMT strains; all graphs plot the mean and standard deviation (error bars) of four independent biological replicates. Statistical significance was
calculated by paired values, mixed-effects analysis, Fisher’s LSD test; *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

analysis of EcN aldh displayed a promising candidate for future
use as an AMT. All aLAs were increased in the fecal content of the
treated mice, while no pronounced effects on the initial concen-
trations of the aromatic amino acids were detected. Additionally,
colonization by the engineered strain resulted in a detectable rise
of ILA in the serum of the animals, while the unmodified EcN did
not produce the same effect.

EcN 1917 was chosen as the chassis strain due to its ease of
genetic manipulation (Schroder et al. 2022) and the health bene-
fits associated with its probiotic nature (Ou et al. 2016). The wide
use of this strain ensures a body of valuable knowledge regarding
safety assessment in connection to putative future clinical trials.
In contrast to other E.coli vectors (Lin-Chao and Bremer 1986, Diaz
Ricci and Hernédndez 2000, Wang et al. 2006), the cryptic plasmids
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Table 1. Correlation analysis of the relationship between the qPCR-assessed EcN and EcN aldh colonic levels and the measured aLAs and

aPyAs in the fecal, colon, and serum samples on day 3.

Fecal content Colon content Serum
EcN EcN aldh EcN aldh EcN EcN aldh
ILA -0,571 0,810*t 0,024 0,8871*t 0,257 0,262
PLA —0,524 0,881*t 0,143 0,619 —0,029 0,548
4HPLA ~0,357 0,881t 0,738 0,833+ ~0,086 0,310
Trp —-0,476 —-0,167 —0,214 0,524 0,600 —0,429
Phe ~0,262 0,048 ~0,333 0,429 0,086 ~0,024
Tyr —-0,191 0,143 —-0,119 0,238 —0,086 —0,429
PPyA ~0,357 0,833+ 0,071 0,667 0,071 0,191
4HPPyA —0,595 0,857+t —0,595 0,691 —0,143 —0,659

Spearman’s correlation r values, *P < 0.05, **P < 0.01, corrected P values: tq < 0.05.

of EcN impose a low genetic burden on the host cell (Zainuddin et
al. 2019). In engineered probiotics, it is advantageous to reduce a
vector’s genetic and metabolic burden to mitigate selective pres-
sure against the synthetic functions and facilitate proliferation
and colonization of the strain (Riglar and Silver 2018). The con-
structed strain described in this study reached a similar maximal
growth rate to its unmodified counterpart, while further analysis
is needed to identify the mutation rate of the construct.

Escherichia coli has been described previously as both an ILA
and IPyA producer (Smith and Macfarlane 1996). Our results con-
firmed the ability of EcN to produce IPyA, but we did not de-
tect a substantial ILA production. Aromatic metabolite produc-
tion depends on environmental conditions and substrate avail-
ability (Smith and Macfarlane 1996), which might explain this di-
vergence. Additionally, no E. coli dehydrogenase involved in the
conversion of IPyA to ILA is present in the current literature, al-
though E.coli contains a vast amount of this family of enzymes
(Keseler et al. 2011). We propose that the occasional ILA produc-
tion in E. coli observed by others could result from non-specific
conversion of the aPyAs.

Several enzymes, including AspC and TyrB, have been shown
or suspected to generate pyruvic acids from amino acids in E.coli
(Mavrides and Orr 1975, Romasi and Lee 2013). Nevertheless, the
lack of detection of more than traces of IPyA in our in vitro tests
may reflect that it is a labile compound. IPyA and the other aPyAs
may thus degrade soon after production, or enzymatic preference
towards other substrates than the parental aromatic amino acids
may prevent the generation of these intermediates. Most enzymes
exhibit some level of infidelity in recognizing potential substrates
(Khersonsky and Tawfik 2010). In E.coli, 37% of its enzymes are es-
timated to be promiscuous (Nam et al. 2012). In our construct,
Aldh converts aPyAs into ILA, PLA, and 4HPLA. Regarding the high
production of alLAs, whereas, no comparable concentrations of
aPyAs have been detected in the EcN aldh cultures, we speculate
that aLAs in the EcN aldh cultures might prompt aPyA synthesis
through a positive feedback regulation loop.

A recent report reveals that Aldh from B. longum subsp. longum
favours tryptophan degradation over the other aromatic amino
acids (Laursen et al. 2020). In line with this, despite a much
higher concentration of phenylalanine and tyrosine in the me-
dia, tryptophan-to-ILA conversion by EcN aldh was more potent
than the conversions of phenylalanine and tyrosine. Such enzy-
matic preferences appear to be species-specific. Characterization
of a similar pathway, encoded by the fldABC operon in Clostrid-
ium sporogenes, showed a preference for phenylalanine degra-
dation (Dodd et al. 2017). The evolution of intestinal bacteria’s
aromatic amino acid degradation pathways to exhibit different

preferences on substrates may depict the adaptation of each
species to the amino acid pool offered by the host.

Colonization of streptomycin-resistant EcN strains in a
streptomycin-treated mouse model reached comparable levels of
the EcN aldh and the control (Fig. 2), with around 10E9 bacteria per
gram of gut content establishing themselves in the cecum and
colon of the mice. The production of ILA significantly increased
upon EcN aldh administration (Fig. 3A). As the aldh gene is ex-
pressed in a continuous fashion, its products were present from
day one after the AMT administration. Furthermore, the differ-
ence in ILA concentration in the intestinal compartments is sub-
stantial between the two groups of mice. The small increase of ILA
observed in the EcN-treated mice may be a result of the gradual
adaptation to the streptomycin-driven conditions (Ng et al. 2019)
and/or incorporation of EcN.

Intestinal ILA levels were highest in the cecum, consistent with
EcN that mainly resides in the cecum and colon of the mam-
malian intestine (Conway et al. 2004). In addition to ILA, also PLA
and 4HPLA were present in considerable amounts in the feces and
the gut of EcN aldh mice. Likewise to ILA dynamics, these aLAs in-
creased over time in the EcN group, although their levels remained
significantly lower than in the EcN aldh group, thus the observed
changes could be attributed to adaptation dynamics due to strep-
tomycin.

Of note, changes were observed in the systemic circulation. ILA
serum almost doubled in the strep treated animals after EcN aldh
colonization, while it did not increase in response to EcN (Fig. 4A).
Thus far, it has been hard to detect observable differences or
trends in the systemic circulation elicited by a single AMT (Bai
et al. 2020, Yan et al. 2021). Hence, although further experiments
are need to confirm our finding, the ILA-producing EcN aldh may
be a promising agent for microbiome interventions.

The correlation between EcN aldh in the intestinal tract and ILA
and 4HPLA concentration (Table 1) underlines the probability of
the contribution of the strain to the production of the metabo-
lites. In addition, the observed EcN aldh-to-ILA relationship could
be advantageous for future studies, especially in animal disease
models. A linear relationship implies that genetic manipulation of
aldh expression, which quickly shows in vitro, will probably be eas-
ily expressed in vivo. Altogether, our strain’s performance shows
an AMT that has prospects for testing on a disease model.

We propose that the beneficial effects of ILA in combination
with the probiotic capacity of EcN may result in a potent AMT
strain. Based on ILA associations with healthy phenotypes, its pu-
tative applications range from treating necrotizing enterocolitis
(Ehrlich et al. 2020, Meng et al. 2020) and boosting immune sys-
tem maturation in infants (Huang et al. 2021). Thus, EcN aldh is
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suitable to proceed into pre-clinical studies to assess its thera-
peutic potential. It should be noted that many options exist for
further improvement of the strain. Particularly in association with
its putative use as an AMT, curation of the two cryptic plasmids,
deletion of all resistance genes, and addition of an inducible killing
switch to ensure containment are needed before claiming a strain
that may proceed into toxicity assessment and clinical trials.

Conclusion

We have presented the construction and in vivo evaluation of an
engineered probiotic strain to enhance ILA production in the gut.
EcN aldh is a promising candidate for functions such as boost-
ing non-breastfed infants’ immune system development and pre-
venting necrotizing enterocolitis. Yet, further studies are needed
to support the beneficial effect the strain as a future AMT.
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