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Summary

Bacterial vectors can be engineered to generate
microscopic living therapeutics to produce and deli-
ver anticancer agents. Escherichia coli Nissle 1917
(Nissle 1917) is a promising candidate with probiotic
properties. Here, we used Nissle 1917 to develop a
metabolic strategy to produce 5-aminolevulinic acid
(5-ALA) from glucose as 5-ALA plays an important
role in the photodynamic therapy of cancers. The
coexpression of hemAM and hemL using a low copy-
number plasmid led to remarkable accumulation of
5-ALA. The downstream pathway of 5-ALA biosyn-
thesis was inhibited by levulinic acid (LA). Small-
scale cultures of engineered Nissle 1917 produced
300 mg l�1 of 5-ALA. Recombinant Nissle 1917 was
applied to deliver 5-ALA to colorectal cancer cells, in
which it induced the accumulation of antineoplastic
protoporphyrin X (PpIX) and specific cytotoxicity
towards colorectal cancer cells irradiated with a
630 nm laser. Moreover, this novel combination ther-
apy proved effective in a mouse xenograft model
and was not cytotoxic to normal tissues. These find-
ings suggest that Nissle 1917 will serve as a poten-
tial carrier to effectively deliver 5-ALA for cancer
therapy.

Introduction

Genetically engineered microbes effectively synthesize
biologically active molecules such as antigens, enzymes
and vitamins (Pedrolli et al., 2019). Moreover, bacteria
produce numerous therapeutic compounds such as 5-
aminolevulinic acid (5-ALA) (Yu et al., 2015). Certain live
microorganisms, which are defined as probiotics, confer
a health benefit upon the host when administered in
adequate amounts (Hill et al., 2014). Combination of the
productive and probiotic features of microbes into living
therapeutics is a new era in probiotic research (Singh
et al., 2017).
Probiotic organisms are mainly isolated from the gut

or from traditional fermented foods. As a living delivery
system, Escherichia coli (E. coli) offers the advantage of
its high prevalence in the human gut. Numerous biologi-
cal approaches are available for metabolic engineering
of E. coli, indicating that E. coli provides an optimal plat-
form for creating living therapeutics (Pedrolli et al.,
2019).
A live microbe delivers constant concentrations of

therapeutics to treat chronic diseases such as cancer,
and their unique capabilities are well suited as ideal anti-
cancer agents (Forbes, 2010). Among nonpathogenic
E. coli strains, Nissle 1917 exhibits tumour-targeting
activity and is a better choice for this purpose because
of its probiotic potential (Pi~nero-Lambea et al., 2015;
Chua et al., 2017). The complete genomic sequence of
Nissle 1917 makes possible the identification of genes
and their products that are essential for its probiotic nat-
ure (Reister et al., 2014). This knowledge is used to
effectively manipulate Nissle 1917 for therapeutic appli-
cations. For example, Nissle 1917 can be engineered to
produce therapeutic proteins and prodrug-converting
enzymes, which reduce tumour volume and increase
survival in animal models, while avoiding damage to
healthy cells (Yu et al., 2020). Moreover, Nissle 1917
was engineered to express a synchronized lysis circuit
(eSLC) to locally release an encoded nanobody antago-
nist of CD47 (eSLC-CD47nb). The local delivery of
immunotherapeutic payloads by Nissle 1917 achieves
systemic antitumor immunity (Chowdhury et al., 2019).
We therefore selected Nissle 1917 as a carrier to deliver
5-aminolevulinic acid (5-ALA) to solid cancers.
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5-ALA, a natural amino acid, is a key intermediate in
the biosynthesis of tetrapyrrole (Schauer et al., 2002). It
attracts considerable attention because of its potential
applications for localizing tumours and as a component of
photodynamic therapy (PDT) of cancers such as colorec-
tal cancer, which ranks third in incidence and second in
mortality (Wo�zniak et al., 2015; Bray et al., 2018). Proto-
porphyrin IX (PpIX), which is converted from 5-ALA, is a
highly efficacious photosensitizing agent employed for
PDT (Kim et al., 2013). Excitation of a photosensitizer by
irradiation with a suitable light source (400–750 nm) pro-
duces significant amounts of reactive oxygen species
(ROS), which damage DNA and cell membranes through
lipid peroxidation and alteration of membrane fluidity.
Damage to cellular organelles is harnessed to kill tumour
cells (Sharma et al., 2007). Furthermore, 5-ALA-PDT
achieves high selectivity for targeting tumours because of
the preferential accumulation of photosensitizers in
tumours, and therefore serves as a standard cancer ther-
apy (Dougherty et al., 1998; Fujino et al., 2016).
However, the high hydrophilicity of 5-ALA hinders its

penetration into the hydrophobic interior of cell mem-
branes, which is an obstacle to its clinical use (Donnelly
et al., 2008). Numerous methods such as coupling 5-
ALA to a carrier have been explored to overcome this
barrier (Yang et al., 2009; Wu et al., 2017). To address
this problem, here we combined the biosynthetic and
tumour-targeting features of the probiotic Nissle 1917
with PDT to deliver 5-ALA to colorectal cancer cells. For
this purpose, Nissle 1917 was engineered to produce 5-
ALA by applying pCL1920 to overexpress hemA and
hemL. The secreted 5-ALA was delivered by Nissle
1917 to colorectal cancer cells to inhibit growth (Fig. 1).
We propose its use as a new component of a tumour-
targeting delivery system for cancer therapy.

Results

Engineering Nissle 1917 to produce 5-ALA

5-ALA biosynthesis in E. coli proceeds through the C5
pathway from glutamate, a direct derivative of the tricar-
boxylic acid (TCA) cycle. This process requires glutamyl-
tRNA synthetase (GluRS), glutamyl-tRNA reductase
(HemA) and glutamate-1-semialdehyde aminotransferase
(HemL). Although the complete genomic DNA sequence
of Nissle 1917 is deposited in GenBank (accession num-
ber CP007799) (Reister et al., 2014), these three enzymes
from Nissle 1917 are unannotated. We therefore cloned
Nissle 1917 gltX, hemA and hemL genes with specific pri-
mers designed from E. coli MG1655 to confirm the C5
pathway of Nissle 1917. The amino acid sequences
encoded by Nissle 1917 gltX, hemA and hemL genes are
99.58%, 98.09% and 99.30% identical to their respective
cognate counterparts in E. coli MG1655 (Fig. S1). Their
GenBank accession numbers were, respectively, anno-
tated as MW504637, MW504638 and MW504639. These
high sequence identities suggested that these cloned Nis-
sle 1917 gltX, hemA and hemL genes encode glutamyl-
tRNA synthetase, glutamyl-tRNA reductase and
glutamate-1-semialdehyde aminotransferase, respectively.
Nissle 1917 possesses two small cryptic plasmids,

pMUT1 and pMUT2 (Yu et al., 2020). The former carries a
ColE1-type-replication system, which is present in the high
copy-number plasmid pUC19. To avoid genetic instability,
we chose the low copy-number plasmid pCL1920 to overex-
press gltX, hemA and hemL in Nissle 1917 (designated
strains ENX, ENA and ENL, respectively). Only ENA pro-
duced increased levels of 5-ALA, ENX produced lower levels
of 5-ALA accumulation, and ENL accumulated 5-ALA simi-
larly to EN1920, containing pCL1920 as control (Table 1).

Fig. 1. 5-ALA production from glucose in Nissle 1917 (A) and targeted delivery of 5-ALA into tumour cells (B). 5-ALA, 5-aminolevulinic acid;
GSA, glutamate-1-semialdehyde aminotransferase; GlntRNA, glutamyl-tRNA; LA, levulinic acid; PBG, porphobilinogen; PpIX, protoporphyrin IX;
ROS, reactive oxygen species.
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The coexpression of endogenous hemA and hemL
further improved 5-ALA accumulation compared with that
of EN1920 (Table 1). These results indicated that the
conversion of glutamyl-tRNA to glutamate-1-
semialdehyde catalysed by HemA is likely a rate-limiting
step. The activity of HemA may be upregulated to
increase 5-ALA production in Nissle 1917. Meanwhile,
researchers found that HemA is not stable to be prote-
olytic, and its stability is significantly increased by insert-
ing two lysines (codons: AAGAAG) between Thr-2 and
Leu-3 at N terminus of the protein. Therefore, we made
the same mutation with the HemA from Salmonella ari-
zona to generate HemAM. The coexpression of S. ari-
zona hemAM with endogenous hemL in Nissle 1917
greatly increased 5-ALA accumulation (194 mg l�1). This
will be beneficial to the metabolic production of 5-ALA in
Nissle 1917.

Inhibition of downstream pathway to enhance 5-ALA
production

Levulinic acid (LA) is used to inhibit the downstream
biosynthetic pathway of 5-ALA to enhance its produc-
tion in Corynebacterium glutamicum (Yu et al., 2015).
Here, addition of LA in Nissle 1917 ENAL did not
influence its growth and glucose consumption (Fig. 2A
and B), while increasing 5-ALA production and
decreasing the accumulation of porphobilinogen
(PBG). 5-ALA production gradually increased when
cells were treated with 0.5 to 2 mM LA and reached
300 mg l�1 in the presence of 1 mM LA (Fig. 2C).
Compared with the control, the accumulation of PBG
was significantly lower in the presence of LA (0.5–
2 mM) (Fig. 2D). The colour of the culture medium
lightened in the presence of higher concentrations of
LA, indicating the reduction in the levels of porphyrins
and haeme (Fig. 2E). These results suggested that
the inhibition of downstream metabolic pathway

components affected cell metabolism and increased
5-ALA production to levels sufficient for therapeutic
applications.

Analysis of engineered Nissle 1917 ENAL in vitro

We firstly evaluated the therapeutic potential of engi-
neered Nissle 1917 using the human colorectal cancer
cell line HCT116. ENAL cultured in the presence of
1 mM LA for 24 h was chosen to inoculate HCT116 cells
to determine whether enhanced PpIX accumulation is a
common phenomenon among exogenous 5-ALA�HCl
and ENAL. As shown in Fig. 3A, 5-ALA�HCl significantly
enhanced PpIX fluorescence in a concentration-
dependent manner. The PpIX fluorescence was also
increased compared with control when HCT116 cells
were exposed to ENAL for 90 min. We found that ENAL-
induced PpIX fluorescence was similar to a 5-ALA�HCl
concentration of 40 mg l�1. These results demonstrate
that ENAL efficiently and selectively enhanced PpIX fluo-
rescence within tumours in vitro.
The cytotoxicity of ENAL and different concentrations

of 5-ALA�HCl were evaluated using an MTT assay after
HCT116 cells were irradiated with 660 nm light. We
found that a high concentration of 5-ALA�HCl effec-
tively induced cell death. Treatment with ENAL for
90 min decreased cell viability more potently than con-
trol and showed almost the same effect as 20 or
40 mg l�1 5-ALA�HCl (Fig. 3B). These results sug-
gested that ENAL, through production of 5-ALA,
increased PpIX fluorescence to inhibit the viability of
HCT116 cells.
We next used the fluorescence probe 2,7-

dichlorodihydrofluorescein diacetate (DCFH-DA) to fur-
ther measure ROS generation induced by PpIX in irradi-
ated HCT116 cells treated with 5-ALA�HCl and ENAL.
As shown in Fig. 3C, the intracellular ROS levels
increased with the addition of different amounts of 5-
ALA�HCl for 8 h. ENAL, treated for 90 min, significantly
induced intracellular ROS levels upon irradiation com-
pared with controls. ENAL and 5-ALA�HCl generated
nearly the same amount of ROS. These findings indi-
cated that ENAL with production of 5-ALA could
enhance ROS generation in tumour cells leading to
increased apoptosis.

Nissle 1917 ENAL inhibited tumour growth in vivo

To further demonstrate the antitumour activity of Nissle
1917 ENAL, HCT116 cells were subcutaneously injected
into Balb/c mice to establish tumour xenograft. When the
tumour grew to approximately 0.2 cm3, the mice were
given PBS, EN1920, 5-ALA�HCl (20, 50 mg kg�1) or
ENAL by intraperitoneal (i.p.) injection. EN1920 and

Table 1. 5-ALA production by recombinant Nissle 1917 expressing
genes encoding components of the 5-ALA biosynthetic pathway. A
2% (v/v) inoculum from an overnight culture for 12 h was used.

Nissle
1917
strains Expressed genes

Cell biomass
(OD600)

5-ALA accumulation
(mg l�1)

EN1920 – 8.26 � 0.57 21.43 � 1.74
ENX gltX 8.03 � 0.68 17.64 � 1.35
ENA hemA 7.89 � 0.64 31.85 � 3.64
ENL hemL 7.94 � 0.71 24.37 � 2.75
EAL hemA and hemL 8.15 � 0.75 42.62 � 3.87*
ENAL hemAM and hemL 7.26 � 0.52 194.33 � 18.63 **

Samples were taken and measured until 48 h. 20 g l-1 glucose was
added initially as sole carbon source. The results represent the data
of three individual experiments (*P < 0.05, **P < 0.01, two-way
ANOVA with Dunnett’s multiple comparisons test, mean � SEM).
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ENAL were administered at a dose of 1 9 107 CFU per
mouse. ENAL targeted the tumour site but not normal
tissues such as the kidneys, liver, heart and spleen
(Fig. 4A). The number of bacteria in tumours reached
109 CFU g�1 and remained at this level for approxi-
mately 8 days.
ENAL (1 9 107 CFU) inhibited the growth of

tumours formed by HCT116 cells by 50.1% and signif-
icantly delayed tumour growth compared with the PBS
control (Fig. 4B and C). The growth of the group
receiving EN1920 was not significantly different com-
pared with that of the PBS group, indicating that the

parental Nissle 1917 strain was insufficient to prevent
tumour growth individually. The mean tumour size in
mice administered 20 or 50 mg kg�1 5-ALA�HCl was
significantly reduced. ENAL achieved better therapeu-
tic efficacy than treatment with 20 mg kg�1 5-
ALA�HCl.
Furthermore, the body weights of all treatment groups

were not affected, suggesting that bacterial therapy was
well-tolerated (Fig. 4D). These results indicated that
ENAL caused a cytotoxic effect in tumour xenografts
through the production of 5-ALA without detectable toxic-
ity to normal tissues.

Fig. 2. The growth (A), glucose consumption (B), accumulation of 5-ALA (C) and PBG (D) and colour changes (E) in Nissle 1917 ENAL after
addition of LA. 20 g l�1 glucose was added initially as the sole carbon source with 10 g l�1 addition at 40 h. Statistical analysis was conducted
using two-way ANOVA with Tukey’s multiple comparisons test, ***P < 0.001, ****P < 0.0001 (n = 3 per group; each group tested in triplicate;
mean � SEM).
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Discussion

In this study, we engineered the probiotic Nissle 1917 to
efficiently produce 5-ALA and employed Nissle 1917 as
a drug carrier to deliver 5-ALA for cancer therapy. 5-ALA
biosynthesis is the focus of numerous investigations
because of its potential applications in the PDT of can-
cers. For example, Nissle 1917 is prescribed for use in
humans, and clinical trials established its safety when
used to prevent inflammatory bowel disease (Schultz,
2008). Similarly, clinical trials demonstrate the safety of
attenuated S. typhimurium (Toso et al., 2002), although
this finding has not yet been extended to engineered
microbes.

We firstly identified the three key Nissle 1917 genes
predicted to encode enzymes that mediate 5-ALA
biosynthesis. The results showed that the reduction in
glutamyl-tRNA to glutamate-1-semialdehyde, catalysed
by HemA, is possibly a rate-limiting step. Previous stud-
ies determined that HemA is a major control point for 5-
ALA biosynthesis (Kang et al., 2011). However, HemA
from S. typhimurium is unstable, and its stability is
greatly decreased in unrestricted cells or when haeme is
accumulated (Wang et al., 1999a). Due to the instability
of HemA to proteolysis, it is difficult to overproduce S.
typhimurium HemA using the tac promoter or T7 RNA
polymerase-directed systems (Wang et al., 1999b). How-
ever, the stability of HemA in S. typhimurium is

Fig. 3. In vitro analysis of the anticancer effects of 5-ALA�HCl and Nissle 1917 ENAL.
A. Representative histogram (left) and bar graph (right) of PpIX fluorescence measured by flow cytometry in HCT116 cells treated with 5-
ALA�HCl for 6 h and with ENAL for 90 min (n = 3 per group of three replicates, ****P < 0.0001, two-way ANOVA with Dunnett’s multiple com-
parisons test).
B. Cell viability assay of the in vitro anticancer effects of 5-ALA�HCl and ENAL (n = 3 per group of three replicates, ***P < 0.001, two-way
ANOVA with Dunnett’s multiple comparisons test).
C. DCFH-DA assay (representative histogram and bar graph) of intracellular ROS generation using flow cytometry of HCT116 cells treated with
5-ALA�HCl for 8 h and with ENAL for 90 min (n = 3 per group of three replicates, ****P < 0.0001, two-way ANOVA with Dunnett’s multiple
comparisons test). All data are expressed as the mean � SEM.
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significantly increased by inserting two lysines (codons:
AAGAAG) between Thr-2 and Leu-3 at N terminus of the
protein (Kang et al., 2011). Thus, HemAM from S. ari-
zona, inserted two lysine residues, was generated. The
amino acid sequence of hemA from S. arizona is identi-
cal to that from S. typhimurium. We therefore used the
hemA gene from S. arizona instead. The coexpression
of hemAM with Nissle 1917 hemL produced the highest
level of 5-ALA, indicating that these two enzymes syner-
gized through the formation of a tight complex, consis-
tent with findings that HemL forms such a complex with
HemA in E. coli by co-immunoprecipitation experiments
and gel permeation chromatography (Luer et al., 2005).
The similarity of the amino acid sequence of HemA from
Nissle 1917 and HemAM from S. arizona was 98%.
Therefore, complex formation between the highly stable
and active HemAM from S. arizona and HemL from Nis-
sle 1917 indicated the efficient and quick transfer of
glutamate-1-semialdehyde aminotransferase (GSA),
leading to high accumulation of ALA in strain ENAL.
To further increase 5-ALA production, the downstream

metabolic pathway of 5-ALA should be inhibited. A hemB
mutant of E. coli does not produce higher levels of 5-
ALA compared with wild type (Xie et al., 2003). How-
ever, addition of a competitive inhibitor such as LA con-
siderably inhibits the expression of ALAD (encoded by

hemB gene) to increase 5-ALA production by C. glutam-
icum (Yu et al., 2015), R. sphaeroides (Nishikawa et al.,
1999) and Chlorella vulgaris (Ano et al., 2000). In Nissle
1917 ENAL, LA increases 5-ALA production with a
decrease in the accumulation of PBG. It has been
demonstrated that 15 mM LA inhibits ALAD activity by
60% at pH 6.5 (Nishikawa et al., 1999). Consequently,
LA with inhibitory activities likely affects distinct steps of
the reaction mechanism to influence the kinetics of the
ALAD reactions (Jarret et al., 2000). Thus, LA efficiently
inhibited ALAD activity to increase the production of 5-
ALA in Nissle 1917.
Nissle 1917 with production of 5-ALA may be applied

to deliver 5-ALA to target tumours as a living delivery
system. Compared with 5-ALA�HCl, engineered ENAL
increased PpIX accumulation and decreased cell viabil-
ity. It is known that 5-ALA treatment induces PpIX accu-
mulation more efficiently in cancer cells because of their
high metabolic activity and activated haeme biosynthetic
pathway (Fujino et al., 2016). Cellular PpIX concentration
indicates a function of the rate of metabolic conversion
of 5-ALA (Yang et al., 2015). The higher level of PpIX in
HCT116 cells infected with ENAL provides evidence that
Nissle 1917 produced and delivered 5-ALA to cancer
cells in vitro. The delivery of 5-ALA increased the haeme
biosynthesis of cancer cells to form PpIX. After

Fig. 4. Treatment with 5-ALA�HCl and Nissle 1917 ENAL reduces the tumour growth rate in a xenograft model.
A. The retention of ENAL in different tissues was measured on days 2 (n = 4 mice), 4 (n = 3 mice), 8 (n = 3 mice) and 12 (n = 4 mice) after
i.p. administration of 1 9 107 CFU.
B–C. Mice transplanted with HCT116 cells were treated daily for 12 days with PBS, ALA 1 (20 mg kg�1 5-ALA�HCl), ALA 2 (50 mg kg�1 5-
ALA�HCl); or treated with 1 9 107 cells 100 ll�1 PBS of EN1920 or ENAL every six days for 12 days (n = 3–4 per group, *P = 0.0227,
*P = 0.0457, ****P < 0.0001, two-way ANOVA with Dunnett’s multiple comparisons test).
D. Body weight of each group (n = 3–4 per group, n.s. not significant (P > 0.05), two-way ANOVA with Dunnett’s multiple comparisons test). All
data are shown as mean � SEM.
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irradiation of HCT116 cells infected with ENAL, cytotoxi-
city and ROS generation were enhanced. These results
indicated that ENAL caused irradiated tumour cells to
undergo apoptosis through the generation of ROS.
To further verify the effects of this living delivery sys-

tem in vivo, Nissle 1917 ENAL was injected into tumour-
bearing mice, resulting in smaller tumours compared with
controls. Considerable numbers of ENAL were detected
at the tumour sites, partially avoiding damage to normal
tissues. It has been reported that the inflammatory
microenvironment is the driving force for tumour target-
ing (Zheng et al., 2018). One mechanism of Nissle
1917-mediated tumour targeting occurs after inflamma-
tion (Yu et al., 2020). For example, Zhang et al., (2012)
demonstrated the safety and efficiency of Nissle 1917 in
mice. Tumour growth and pulmonary metastasis are effi-
ciently suppressed by azurin release, and the resulting
inflammatory response does not cause significant toxicity
(Zhang et al., 2012). Tumour-targeted lymphocytes
(Zheng et al., 2018) or matrix metalloproteinase-2 (MMP-
2) and pH dual-sensitive nanocarriers (Wu et al., 2017)
deliver 5-ALA that specifically accumulates within cancer
cells to generate PpIX and induce photodynamic cytotox-
icity. Nissle 1917 may therefore represent an alternative
delivery system for targeted photodynamic cancer ther-
apy. In contrast to Salmonella and Clostridium novyi NT,
which have been extensively investigated as vehicles for
antitumour drugs (Agrawal et al., 2004), Nissle 1917 has
high tumour-targeting capability and rapidly release
drugs such as 5-ALA to cancer cells.
Although the concept of microbial synthesis and secre-

tion of anticancer compounds is an attractive option for
targeted drug delivery, limitations remain. The genetic
instability, cell count-dependent and undefined dosage of
the cell-synthesized 5-ALA, and 5-ALA bioavailability for
PpIX synthesis in cancer cells are important and inter-
esting issues.
In summary, we combined the biosynthetic and

tumour-targeting features of probiotic Nissle 1917 with
PDT to inhibit the growth of colorectal cancer cells.
Thus, genetically engineered Nissle 1917 produced and
delivered 5-ALA for cancer therapy. This study con-
tributes an alternative strategy for constructing delivery
systems for bacteriolytic cancer therapy.

Experimental procedures

Bacterial strains, primers and plasmids

All strains, plasmids and oligonucleotides used in this
study are summarized in the additional files (Tables S1
and S2). The gltX, hemA and hemL genes were cloned
from the genome of Nissle 1917 using primers gltx-F,
gltx-R and hema-F, hema-R, and heml-F, and heml-R,
respectively. These three amplicons were ligated into

pCL1920, which was digested with BamHI (Fermentas,
Shanghai, China) according to the method of Gibson
assembly. Molecular cloning and manipulation of plas-
mids were performed with E. coli DH5a. To increase the
stability of HemA, hemA was amplified from the S. ari-
zona genome, which encodes the same predicted HemA
amino acid sequence of S. typhimurium using primers
hemAM-F and hemAM-R. The primer hemAM-F was
inserted with two codons (AAGAAG) encoding Lys
between Thr-2 and Leu-3 at the N terminus to generate
hemAM (Wang et al., 1999a). The hemL gene was
amplified using the primers theml-F and heml-R and
ligated together with hemAM into pCL1920. The
sequences of the plasmids were verified by the BioSune
Company (Shanghai, China). Nissle 1917 was used as
parental strain for 5-ALA production.

Media, culture conditions and analytical procedures

LB medium (10 g l�1 tryptone, 5 g l�1 yeast extract and
10 g l�1 NaCl, pH 7.2) was used for molecular genetic
procedures. The modified minimal medium, which con-
tains 16 g l�1 (NH4)2SO4, 3 g l�1 KH2PO4, 16 g l�1

Na2HPO4�12H2O, 1 g l�1 MgSO4�7H2O, 0.01 g l�1

MnSO4�7H2O and 2 g l�1 yeast extract, was used for cul-
tivation and fermentation. Glucose was as sole carbon
source, and spectinomycin (25 mg ml�1) was used for
selecting mutants. To induce the expression of plasmid
genes, isopropyl-b-d-thiogalactopyranoside (IPTG) was
added to the cultures at a final concentration of 0.1 mM.
5-ALA was produced at 37°C in 300 ml using ordinary

flasks containing 50 ml modified minimal medium with
agitation of 240 rpm. 20 g l�1 glucose was added initially
as the sole carbon source. The initial pH was adjusted
to 7.0 and then maintained at approximately pH 6.5
using 4 M NaOH. The inhibitor LA was added at the ini-
tial stage.
The OD600 was determined using a spectrophotometer

(Shimadzu, Japan), and the supernatant was analysed
for glucose using SBA-40C biosensor (developed by
Biology Institute of Shandong Academy of Sciences)
equipped with glucose oxidase immobilized on mem-
branes. The supernatant was also used for 5-ALA analy-
sis using modified Ehrlich’s reagent (Yu et al., 2015).

Cell lines and animal models

HCT116 cells, which were purchased from the Cell Bank
of Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai, China), were maintained in a
DMEM medium containing 10% fetal bovine serum
(FBS), 100 mg ml�1 penicillin and 100 U ml�1 strepto-
mycin, in a humidified incubator at 37°C in an atmo-
sphere of 5% CO2.
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Animal experiments were performed according to the
guidelines for laboratory animals established by the Wei-
fang Medical University Center for Animal Center Experi-
ment. Female Balb/c mice (5–6 weeks of age) were
purchased from Ji’nan Pengyue Laboratory Animal Breed-
ing Co., Ltd. (Jinan, China). Mice were bred and maintained
under specific-pathogen-free (SPF) conditions for at least
3 days before use. HCT116 cells (1 9 106 100 ll�1) were
subcutaneously inoculated into mice on the mid-right side.
When tumours reached a mean group volume of approxi-
mately 0.2 cm3, mice were randomly divided into the
groups as follows: PBS, 5-ALA�HCl (20 or 50 mg kg�1),
EN1920 and ENAL. Tumour volume = (length 9 width2)/2.

PpIX measurement

HCT116 cells were added to 24-well tissue culture plates
(approximately 105 cells per well) and cultured for 24 h
at 37°C in an atmosphere containing 5% CO2. Different
concentrations of 5-ALA�HCl (Solarbio, Beijing, China)
were prepared using DMEM. Each well was treated with
1 ml of diluted 5-ALA�HCl for 6 h before measuring the
PpIX concentration. The fermentation broth used to cul-
ture ENAL for 24 h was centrifuged at 4000 9 g for
3 min, and the pelleted cells were washed with PBS and
resuspended in DMEM to 3 9 107 CFU ml�1.
OD600 = 1.0 of statically grown cultures was equivalent
to approximately 3 9 108 CFU ml�1. ENAL was resus-
pended in 1 ml of DMEM and added to a single well at
multiplicity of infection (MOI) of 300:1. After 90 min of
infection at 37°C, the wells were washed five times with
1 ml of PBS at room temperature. Then, the cells were
used for PpIX measurement. PBS served as the control,
and PpIX fluorescence was measured using flow cytom-
etry (488 nm excitation/650 nm emission; ACEA Bio-
sciences Inc., Hangzhou, China).

Cell viability assays

HCT116 cells (approximately 3000 cells per well) were
added to 96-well plates for 24 h and subsequently trea-
ted with different concentrations of 5-ALA�HCl for 12 h.
ENAL was cultured and harvested as described above
and then resuspended in DMEM to 1 9 107 CFU ml�1.
Resuspended ENAL (100 ll) was added and incubated
for 90 min. Controls were cultured under the same con-
ditions with PBS. Treated cells were irradiated for 5 min
(660 nm LED light, 29.8 mW cm�2). After incubation for
24 h, cell viability was determined using an MTT assay.

ROS detection by DCFH-DA

Flow cytometry (488 nm excitation/525 nm) using DCFH-
DA (Sigma, Shanghai, China) was used to measure the

generation of ROS produced by PpIX in irradiated cells.
First, � 105 HCT116 cells/well were seeded into 24-well
tissue culture plates for 24 h and incubated with different
amounts of 5-ALA�HCl for 8 h or with ENAL at a MOI of
300:1 for 90 min, respectively. PBS served as a negative
control. Samples of cells were subsequently illuminated
for 5 min (660 nm LED light, 29.8 mW cm�2). After 2 h
of cultivation, DMEM containing 10 lM DCFH-DA was
added into wells and incubated for 20 min at 37°C.
Finally, cells were washed three times with PBS and then
analysed as soon as possible.

Infection of tumour-bearing mice

PBS, 20 or 50 mg kg�1 5-ALA�HCl was intraperitoneally
injected into tumour-bearing mice once each day for
12 days. EN1920 and ENAL were cultured as described
above and resuspended in sterile PBS at
1 9 108 CFU ml�1. The number of CFUs was determined
for each independent experiment (experimental error
< 10%). This bacterial stock (1 9 107 CFU in 100 ll PBS)
of EN1920 and ENAL was, respectively, used to intraperi-
toneally inoculate tumour-bearing mice every six days for
12 days. These bacterial doses showed normal pheno-
type such as mobility and weight throughout the entire
experiment. In contrast, most mice died after injection with
higher doses of bacteria. The mice infected with EN1920
and ENAL were provided with 0.5% glucose and
25 mg ml�1 spectinomycin in their drinking water, which
was changed every 2–3 days. Mice were intraperi-
toneally injected with freshly prepared IPTG or LA
(1 mg 200 ll�1). After treatment for 24 h, the dose of light
irradiation for 5 min (660 nm, 150 mW cm�2) was admin-
istered to the members of each group. Then, tumour vol-
umes and the body weights were measured and recorded
every 2 days. The relative tumour volume and body
weight were compared with those measured on the first
day.
Mice were killed to measure the CFU g�1 of tumours,

liver, heart and spleens. Tumours were excised, placed
into sterile tubes containing 5 ml of PBS, weighed and
homogenized by soft mechanical squeezing. Next, 100
ll of a homogenate was serially diluted in LB, plated on
LB agar containing spectinomycin and incubated over-
night at 37°C. Bacterial titres are expressed as CFU g�1

of tissue.

Statistical analysis and sample collection

Two-way ANOVA with Tukey’s or Dunnett’s multiple
comparisons test was performed using GraphPad Prism
8 (GraphPad Software, La Jolla, CA, USA). Investigators
performing operations were blinded to treatment groups
in cell experiments and in vivo experiments. For in vivo
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experiments, mice were randomly divided into different
groups.
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