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A rapid, continuous method for noninvasively monitoring the effectiveness of several antibacterial agents in
real time by using a model of wound infection was developed. This study was divided into three steps: (i)
construction of a plasmid to transform Escherichia coli into a bioluminescent variant, (ii) study of the
bioluminescent E. coli in vitro as a function of temperature and pH, and (iii) determination of the MIC and
the minimal bactericidal concentration of sulfamethoxazole-trimethoprim (SMX-TMP). Finally, the efficacy of
SMX-TMP was monitored in vivo in a cutaneous wound model (hairless rat) infected with this bioluminescent
bacterium by using a bioluminescence imaging system. E. coli was transformed by electroporation with a
shuttle vector (pRB474) containing the firefly (Photinus pyralis) luciferase gene, resulting in a bioluminescent
phenotype. It was found that pH 5.0 was optimal for incorporation of the susbstrate p-luciferin for the
luciferase reaction. In vitro, when the agar dilution method, standard turbidity assays, and the biolumines-
cence imaging system were used, E. coli(pRB474) proved to be susceptible to SMX-TMP. In vivo, at 4 h,
SMX-TMP treatment was already efficient compared to no treatment (P = 0.034). At 48 h, no bioluminescence
was detected in the wound, demonstrating the susceptibility of E. coli to SMX-TMP. In conclusion, this study
points out the advantage of using bioluminescence imaging to evaluate the effects of antibiotics for the

treatment of acute infections in vivo in a nondestructive and noninvasive manner.

The rates of multiantibiotic resistance among bacteria that
infect wounds and burns are constantly on the rise (4, 12).
Consequently, rapid control of wound infections and monitor-
ing of therapeutic strategies by optical techniques have re-
cently been proposed. The method of optically monitoring
bacterial numbers and viability in real time in living animals by
use of genetically engineered bacteria that emit luminescence,
together with ultrasensitive photon-counting cameras, has
been demonstrated with several models (7, 11, 16, 17, 20, 21,
33).

By this technique, quantification of the luminescence images
can determine in real time the extent of infection in living
animals and can thereby provide both temporal and spatial
information about the labeled bacteria and their metabolic
activities. Similarly, antibiotic effects can be detected directly,
nondestructively, and noninvasively.

The study described here aimed to evaluate the effects of an
antibiotic in situ by using bioluminescent bacteria. The study
was divided into three steps. The first consisted of constructing
a plasmid to transform Escherichia coli into a bioluminescent
variant. The second step consisted of studying bioluminescent
E. coli in vitro as a function of temperature and pH. The third
step consisted of determining the MIC and the minimal bac-
tericidal concentration (MBC) of an antibiotic, sulfamethox-
azole-trimethoprim (SMX-TMP), for this bioluminescent
strain. Finally, the efficacy of SMX-TMP was monitored in vivo
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in a model of cutaneous wound infection with this biolumines-
cent bacterium.

MATERIALS AND METHODS

Bacterial strain. A relatively nonpathogenic strain of E. coli which lacks the
virulence factors necessary to cause invasive infection was used (39). E. coli
TOP10F’, a facultative anaerobe (reference strain, C615-00) in the normal in-
testinal flora of humans and animals (5), was obtained from Invitrogen SARL
(Cergy Pontoise, France) and was routinely grown at 37°C. Furthermore,
TOP10F’ is a recombination-negative strain designed for the stable replication of
high-copy-number plasmids (18).

Plasmid construction. A bioluminescent strain of E. coli was constructed by
transformation with plasmid pRB474. Plasmid pRB474 is an expression vector
that contains the firefly (Photinus pyralis) luciferase gene. This enzyme uses
D-luciferin, O,, and ATP as substrates and produces AMP, oxyluciferin, inor-
ganic pyrophosphate (PP;), water, and light (547 to 617 nm) (3, 9):

luciferase
p-luciferin + ATP + Mg** + O, ——— oxyluciferin + AMP + PP,

+ CO, + light(~560 nm)

The luc gene of vector pSPluc (Table 1) was amplified by PCR. Reactions were
carried out in 50-ul volumes containing 5 pl of 10X PCR buffer (supplied with
Tag DNA polymerase), 50 pmol of each oligonucleotide primer, each de-
oxynucleotide triphosphate (dATP, dCTP, dGTP, and dTTP) at a concentration
of 0.2 mM, 1 U of Tag DNA polymerase, and 10 ng of plasmid DNA containing
firefly luciferase (pSPluc).

Amplification of each gene was achieved with 35 cycles at 94°C for 1 min and
50°C for 1 min, followed by a final extension step at 72°C for 1 min. The PCR was
carried out in a Geneamp PCR system 9700 automated thermocycler (Perkin-
Elmer Applied Biosystems, Foster City, Calif.). PCR-amplified luc DNA was
purified prior to the cloning procedures by passing the complete reaction vol-
umes through spin columns (PCR purification kit; Qiagen SA, Courtaboeuf,
France).

The PCR-amplified luc gene and shuttle vector pRB474 were digested with
BamHI and EcoRI after 2 h at 37°C. Then, the complementary ends of the
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TABLE 1. Bacterial strain, plasmids, and primers used in the study

Strain, plasmid, or
primer

Genotype or sequence

Source or reference

E. coli TOP10F’

Plasmids
pSP-luc Amp" Ori colE1
pRB474 Amp" Cm" Ori~ Ori*
Primers
LucF (5'-3")
G{l
LucR (5'-3")

A(ara-lew)7697 galU galK rpsL endAl nupG

AGG AAG GAT CCA GAG CAG ATT GTA CTG AGA

Invitrogen (NO-C615-00)

Promega (E1781)
6

This study

AAT GCA GGT TAA CCT GGC TTA TCG AAA TT

¢ Underlined nucleotides show the position of the BamHI restriction site.

restriction enzyme-digested PCR-amplified luc gene and pRB474 vector DNA
were ligated by using the enzyme DNA ligase.

Transformation of E. coli to a bioluminescent phenotype. E. coli cells were
transformed with shuttle vector pRB474 by electroporation, as follows. The cells
were cultivated in Luria broth to an optical density at 600 nm (ODy) of 0.6,
centrifuged at 4,000 X g at 4°C for 15 min, washed twice with ice-cold buffer (10
mM HEPES buffer [pH 7.0] with 15% glycerol), and suspended in 5% sucrose
containing 15% glycerol. The electroporation was performed in Equi-Bio (Eu-
rogentec) electroporation cuvettes with a 0.2-cm distance between electrodes
with 2 pl of plasmid (10 ng) and 50 pl of ice-cold electrocompetent cells. A single
electric pulse of 5 ms with settings of 2.5 kV, 25 wF, and 200 ) was given; and
the cells were then rapidly removed from the electroporation apparatus (Bio-
Rad) and suspended in 1,000 pl of SOC (20 g of Bacto Tryptone, 5 g of Bacto
Yeast Extract, 0.5 g of NaCl, glucose to a concentration of 20 mM, and an
MgCl,-MgSO, mixture at a concentration of 10 mM each). After 1 h the cells
were plated onto agar plates containing 50 pg of ampicillin per ml and were
grown for 1 day at 35°C. Bioluminescent colonies were selected by using a
luminometer (Lumat LB 9501; Berthold France S.A, Thoiry, France).

Bioluminescence imaging system. The light emission of the bioluminescent
bacteria was detected both in vitro and in vivo with a bioluminescence imaging
system. This system included an ultra-high-sensitivity video camera (model
C2400-25; Hamamatsu Photonics KK, Massy, France) developed for imaging
under extremely low light levels. It was fitted with a stereoscopic zoom micro-
scope (model SMZ; Nikon, Tokyo, Japan) and mounted in a specimen chamber.
The camera used a two-stage multichannel plate image intensifier capable of
detecting under low light levels images down to photon levels. In the photon-
counting mode, an image of the emitted light was captured by using an integra-
tion time of 5 min at a 90% setting on the image-intensifier control module. The
bioluminescence intensity of the same analysis area was calculated in vitro
(surface area, 12 mm?, corresponding to 55,326 pixels) and in vivo (surface area,
18 mm?, corresponding to 85,098 pixels) with Argus software (Hamamatsu Pho-
tonics KK). This analysis area was kept constant for all wounds at all time points.
For each measurement, the background signal was subtracted from the biolu-
minescent signal.

Influence of pH and temperature on E. coli bioluminescence. (i) pH. The effect
of pH was studied by adding a constant amount (500 pM) of p-luciferin to 0.1 M
phosphate-citrate buffer adjusted to different pHs, ranging from 4 to 8, in 96-well
plates in vitro. The bioluminescence reaction was started by adding 100 pl of
substrate buffer to a 100-pl sample of growth-phase E. coli cells, and light
emission was measured immediately with the imaging system.

(ii) Temperature. Substrate buffer (50 wl; pH 5) was added in 100 wl of Luria
broth containing the bioluminescent bacteria in the growth phase (ODg, 0.6) in
96-well plates in vitro. These plates were incubated for 6 h at two different
temperatures (20 and 30°C). The bioluminescence emitted by these bacteria was
measured every hour.

Animals. All animal experiments conformed to the Ministere de I’Agriculture
et de la Forét Resolution on the use of animals in research and were approved
by the Subcommittee on Research Animal Care of the Lille Medical University
(protocol 2003-35).

Male hairless rats (Charles River France, Les Oncins, France) weighing from
200 to 300 g were used for this study. A full-thickness, circular, 20-mm-diameter
wound was created with surgical scissors on the backs of the rats while they were
under general anesthesia (140 mg of ketamine per kg of body weight and 3 mg
of chlorpromazine per kg). The position of this wound was 4 cm caudal to the

ears, and the wound was placed on the midline. A Teflon chamber with a 2.2-cm
diameter, similar to the chamber developed by Balazs et al. (2), was applied
around the wound, glued into the edge of the skin with Histoacryl adhesive (B.
Braun Surgical GmbH, Melsungen, Germany), and sutured (Ethicon 4-0 su-
tures). A sterile glass window (GF-C; Whatman) was placed inside the chamber
to protect the wound against other infections.

Antibiotics. SMX-TMP is a synthetic antibacterial combination product. TMP
is 2,4-diamino-5-(3,4,5-trimethoxybenzyl) pyrimidine (molecular weight, 290.32).
SMX is N'-(5-methyl-3-isoxazolyl)-sulfanilamide (molecular weight, 253.28).
This drug combination has proved to be an effective therapeutic agent with
broad-spectrum antibacterial activity against both gram-positive and gram-neg-
ative organisms. It is recognized as having excellent activity against staphylococci
in the skin (13, 35, 40). This makes SMX-TMP a good choice for the treatment
of skin infections or as a general antibiotic when the actual identity of the
infecting organism is not known (10). SMX-TMP (Bactrim; Produits Roche,
Neuilly sur Seine, France) was injected into the animals intravenously (dosage,
30 mg/kg).

MIC and MBC determinations. The MIC of SMX-TMP for E. coli(pRB474)
was determined by using (i) an automated system (model Vitek 2; bioMerieux
Vitek, Marcy I’Etoile, France) and (ii) the agar dilution method by the procedure
of the National Committee for Clinical Laboratory Standards (29). MICs and
MBCs were also determined in vitro with the imaging system.

For MIC and MBC evaluations with the bioluminescence imaging system, 100
wl of Luria broth (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl per liter [pH
7.0]) containing E. coli(pRB474) in exponential growth phase (ODyg, 0.6) was
centrifuged, washed with phosphate-buffered saline, and resuspended in fresh
Luria broth at the same density. The suspension was added to a series of
SMX-TMP solutions with increasing concentrations (0.3, 0.6, 0.9, and 1.2 mg/
liter) in 96-well plates and the plates were incubated for 4 h at 35°C. For each
concentration, the bioluminescence was quantified with the imaging software.

Determination of SMX-TMP efficacy in vivo. Wound infections were created
in six animals. A suspension (50 pl of phosphate-buffered saline) containing 5 X
107 mid-log-phase bioluminescent E. coli cells (10° cells/ml) was inoculated into
each wound. Thirty minutes later (the duration required for the bacteria to
attach to the tissue), 50 wl of substrate solution (1 mM of p-luciferin in 0.1 M
phosphate-citrate buffer [1]) was added to the wound.

Bacterial loading was controlled with the imaging system to confirm that it was
equivalent in each wound. Three rats were treated with two intravenous injec-
tions of SMX-TMP (dosage, 30 mg/kg) at 12-h intervals (SMX-TMP-treated
group). Three rats remained untreated (control [CTRL] group). Each wound
was imaged at 0, 4, 8, 24, 36, and 48 h postinfection with the bioluminescent
imaging system. Before each measurement, 50 wl of substrate solution (1 mM of
p-luciferin in 0.1 M phosphate-citrate buffer) was added exogenously to the
wound. The difference between the CTRL group and the SMX-TMP group was
evaluated by the Student ¢ test.

RESULTS

Control of E. coli bioluminescence. The bioluminescence
signal of E. coli measured with the luminometer was linearly
proportional to the numbers of bacterial CFU (as determined
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FIG. 1. Emission of light by E. coli cells as a function of storage
time in Luria broth at two different temperatures (20 and 30°C). RLU,
relative light units.

by serial dilution and plating) from 10° to 107 organisms (data
not shown).

Influence of pH and temperature on E. coli bioluminescence.
As expected, pH and temperature were shown to have signif-
icant effects on bioluminescent E. coli(pRB474). The slightly
acid pH modifies the luminescence of E. coli(pRB474) in ex-
ponential growth phase. The light emission of these cells was
maximum at pH 5.0.

The bioluminescence of E. coli(pRB474) bacteria in growth
phase is temperature dependent (Fig. 1). The results show that
E. coli(pRB474) bacteria stored in Luria broth remain biolu-
minescent for at least 6 h after addition of p-luciferin. The light
emission of bacteria incubated at 30°C (which corresponds to
the rat’s skin temperature) was only slightly reduced (5 to
10%) compared to that observed at 20°C (room temperature).

Study of SMX-TMP efficacy with the imaging system in vitro
and in vivo. (i) Efficacy in vitro. The antibiotic susceptibilities
of E. coli(pRB474) were determined by standard turbidity as-
says. The result showed that any concentration equal to or
slightly less than 20 pg of SMX-TMP per ml inhibited the
growth of 5 X 10° CFU of E. coli(pRB474) per ml (MIC = 20
pg/ml). The agar dilution method gave an MIC of 0.08 mg/
liter.

Increasing concentrations of SMX-TMP (0.3, 0.6, 0.9, and
1.2 mg/liter) in 100 wl of Luria broth containing 10° mid-log-
phase bioluminescent E. coli cells were applied to determine
the MICs and the MBCs with the imaging system. The viabil-
ities of these bioluminescent cells were detected with the im-
aging system after 30 min and 4 h of incubation at 35°C (Fig.
2).

The results showed that the bioluminescence of E. co-
li(pRB474) remained almost stable in SMX-TMP at a concen-
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FIG. 2. Effects of increasing concentrations of SMX-TMP on the
light emission (relative light units) of E. coli detected with the biolu-
minescence imaging system. Each concentration of SMX-TMP (0.3,
0.6, 0.9, and 1.2 mg/liter) was incubated with the bioluminescent E. coli
for 30 min (m) and 4 h (OJ) at 35°C in Luria broth. The sample labeled
“Control” is the untreated strain.

tration 300 mg/liter for 4 h of incubation at 35°C and that the
bioluminescence corresponded to the MIC of SMX-TMP for
107 CFU of E. coli(pRB474) per ml. By using these data, it was
also possible to determine that the MBC of SMX-TMP for
bioluminescent E. coli(pRB474) corresponded to 900 mg/liter.

(ii) Efficacy in vivo of SMX-TMP in cutaneous wounds in-
duced in live hairless rats infected with bioluminescent E. coli.

70

bioluminescence (RLU)
8
*

0 8 16 24 32 40 48
time (hours)

FIG. 3. In vivo monitoring of E. coli(pRB474) bioluminescence in
the cutaneous wound by use of the bioluminescence imaging system.
Each set of data represents the mean (*standard deviation [J number
of relative light units (RLU) for three hairless rats either untreated
(#) or treated with SMX-TMP (m; 30 mg/kg) and imaged for 5 min at
0, 4, 8, 24, 36, and 48 h postinfection. *, statistically different by the
Student ¢ test.
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FIG. 4. Monitoring of the effects of SMX-TMP on bioluminescent E. coli(pRB474) in a hairless rat. Bioluminescent bacteria were injected into
the wound (5 X 107 CFU). Shown is one treated (SMX-TMP) E. coli(pRB474)-infected rat (right set of panels) and one untreated E.
coli(pRB474)-infected rat (left set of panels) imaged dorsally for 5 min at 4, 24, and 48 h postinfection.

Two doses (15 mg/kg each) of SMX-TMP were injected into
infected rats at a 12-h interval, giving a total dose of 30 mg/kg.
The viabilities of the bioluminescent bacteria were detected
with the imaging system immediately after infection and at 4, §,
24, 36, and 48 h postinfection (Fig. 3 and 4).

At time zero the values obtained for the untreated group
(CTRL group) and the treated group (SMX-TMP group) were
not significantly different (P = 0.278). At 4 h, SMX-TMP
treatment was already efficient, since the values between the
two groups were significantly different (P = 0.034). This ob-
servation was confirmed at 8 h (P = 0.0039), 24 h (P = 0.082),
36 h (P = 0.0011), and finally, 48 h (P = 0.0026). Biolumines-
cent bacteria were not detected at 48 h. Conversely, biolumi-
nescent bacteria were still present in the untreated CTRL
group, even though a 50% reduction in bioluminescence was
observed at 48 h.

DISCUSSION

The firefly (P. pyralis) luciferase gene used in this study is a
single polypeptide. Light production is started by the addition
of the substrate, p-luciferin. Therefore, the metabolic stress
caused by light production (and ATP consumption) takes place
only at the luminescence measurement stage. Recently, other
bioluminescent reporter systems, such as the bacterial lucif-
erase operon uxCDABE, have also been used to provide a
means of detecting bacterial viability (7, 8, 11, 33). The bacte-
ria containing the luxCDABE operon continuously produce
light and are under constant metabolic stress. In addition, cells
must produce five polypeptides. These reasons may explain the

difference in the light production power of the firefly luciferase
operon and the bacterial luciferase operon (15).

In this study, rather than using pSPluc, a shuttle vector,
pRB474, was constructed for use in E. coli. This choice was
dictated by the stability of the pRB474 shuttle vector, which
was tested over a period of 60 generations in E. coli and
Bacillus subtilis. Furthermore, in the pRB474 shuttle vector, a
vegetative B. subtilis promoter drives the transcription of genes
that are inserted (6). Moreover, the pSPluc vector is a lucif-
erase cassette vector containing the engineered firefly lucif-
erase gene, which has been optimized for genetic reporter
applications (34). The pSPluc vector is not itself intended for
the expression of luciferase in gram-positive bacteria because it
contains only one ColE1 replication origin for E. coli and none
for gram-positive bacteria.

ATP is one of the substrates of the firefly luciferase reaction,
and each cell contains a constant intracellular ATP pool which
is effectively regulated. The light emission in vivo is therefore
a very sensitive indicator of the intracellular state of the cells
(37). Others (42) have shown earlier that the substrate for the
luciferase reaction does not readily pass procaryotic or eucary-
otic cell membranes at physiological pH but is efficiently in-
corporated under slightly acidic conditions in sodium citrate
buffer, consistent with the results of Wood and DeLuca (44).
The optimum pH for B. subtilis was shown to be 5.0 (23, 24). In
our study, when we evaluated the penetration of p-luciferin
into E. coli cells, pH 5.0 was found to be the optimum.

As an alternative approach, Luque-Ortega et al. (25) have
optimized an easy luminescent method involving a technique
that bypasses the poor permeation of b-luciferin at neutral pH
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by using Dp-luciferin (DMNPE [1-4,5-dimethoxy-2-mitrophenyl)
ethyl ester]-luciferin) for Leishmania donovani promastigotes
transfected with a firefly luciferase gene.

Cells kept in Luria broth at 30°C gave levels of light emission
slightly lower than those of cells stored at room temperature
(20°C). Analytically, this situation was probably due to a de-
crease in the cellular ATP content rather than the proteolytic
degradation of the luciferase enzyme or cell death (14). In
addition, these bioluminescent bacteria incubated at 30°C grow
old and more quickly enter stationary growth phase than those
preserved at room temperature (26, 41, 43).

Monitoring of the effects of antibiotics such as SMX-TMP in
vitro and in animal model test systems could enhance our basic
understanding of their actions and facilitate unique studies of
disease in vivo.

The study of antimicrobial activity by use of the biolumines-
cence imaging system was performed both in vitro and in vivo
with SMX-TMP and demonstrated that decreases in viable cell
numbers are associated with similar changes in biolumines-
cence. Since one of the substrates is ATP, an essential energy
source of each living cell, any disturbance in the intracellular
ATP levels is directly reflected in the light emission levels
measured from the reporter cells. Therefore, minor events that
occur before the bacteria are killed are detected as decreases
in light emission. The combination of SMX and TMP inhibits
E. coli(pRB474) folic acid synthesis. This inhibition is called
the “sequential blockade” and produces death of the bacte-
rium (13, 35).

The p-luciferin substrate for P. pyralis luciferase and TMP-
SMX are amphipathic molecules (i.e., hydrophilic and hydro-
phobic areas are present within the same molecule) (19, 32).
The p-luciferin substrate and SMX-TMP antibiotic must per-
meate the outer membrane on the way into the periplasmic
space and the cell, which means that that the outer membrane
has special sieving properties. The active components involved
in the molecular sieving of the outer membrane are porins (27,
28). SMX-TMP treatment leads to a reduction in ATP levels in
E. coli. Consequently, a decrease in ATP levels in the cell leads
to a reduction in the levels of light emission and inhibits the
reaction of Dp-luciferin luciferase.

In in vitro studies, E. coli was proved to be susceptible to
SMX-TMP, as determined by three methods: agar dilution,
standard turbidity assays, and bioluminescence imaging. The
MICs of TMP-SMX for E. coli(pRB474) were shown to be
close when they were determined by either the agar dilution
method or bioluminescence imaging (0.08 and 0.3 mg/liter,
respectively), confirming that the bioluminescence imaging
technique is a powerful tool.

The evaluation of antibiotic activity in vivo by use of the
bioluminescence imaging system has clearly shown that SMX-
TMP is efficient for the treatment of cutaneous wound infec-
tions caused by E. coli(pRB474). The activity of SMX-TMP
was already detected at 4 h compared to the findings for the
CTRL group. Complete clearance of the infection was ob-
tained at 48 h. Antibiotic efficacy is usually affected by envi-
ronmental conditions, such as the local production of enzymes,
purulent and fibrinous exudates, and pH changes, which are
known to affect the actions of drugs (36). Consequently, this
observation confirms that TMP administered with SMX has a
high degree of efficacy (30, 31). This study shows that fewer
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animals are required to reliably detect the action of an anti-
microbial therapy, in accordance with previous studies (22, 33,
38).

This study demonstrates that bioluminescent E. coli could
serve as a biosensor of antibacterial activity for both in vitro
and in vivo studies. The use of bioluminescent imaging strat-
egies to reveal the real-time effects of potential therapeutic
agents on gram-negative bacterial infections in animal models
of cutaneous wounds would greatly accelerate the analysis of
compounds under development. The spatial and temporal dif-
ferences in the bioluminescent signals between untreated and
treated animals could be used to assess the effects of com-
pounds on specific biological processes in vivo.
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