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A B S T R A C T

Bacteria, including strains of Salmonella, have been researched and applied as therapeutic cancer agents for
centuries. Salmonella are particularly of interest due to their facultative anaerobic nature, facilitating
colonization of differentially oxygenated tumor regions. Additionally, Salmonella can be manipulated with
relative ease, resulting in the ability to attenuate the pathogen or engineer vectors for drug delivery. It was
recently discovered that the anti-cancer Salmonella enterica serovar Typhimurium strain VNP20009 is lacking in
chemotactic ability, due to a non-synonymous single nucleotide polymorphism in cheY. Replacing the mutated
copy of cheY with the wild-type sequence restored chemotaxis to 70% of the parental strain. We aimed to
investigate further if chemotaxis of VNP20009 can be optimized. By restoring the gene msbB in VNP20009
cheY+, which confers attenuation by lipid A modification, we observed a 9% increase in swimming speed, 13%
increase in swim plate performance, 19% increase in microfluidic device partitioning towards the attractant at
the optimum concentration gradient, and mitigation of a non-motile cell subpopulation. We conclude that
chemotaxis can be enhanced further but at the cost of changing one defining characteristic of VNP20009. A less
compromised strain might be needed to employ for investigating bacterial chemotaxis in tumor interactions.

1. Introduction

Bacteria have been researched for their potential application as
therapeutic agents for centuries. Specifically, the enterobacterium
Salmonella is an attractive model for studying tumor targeting due to
its facultative anaerobic nature, allowing for colonization of the
differentially oxygenated necrotic and viable tumor regions (Leschner
and Weiss, 2010a), as well as large and small tumors (Pawelek et al.,
2003). In addition, Salmonella can be manipulated genetically with
relative ease and possesses an intriguing facultative intracellular life-
style (Nallar et al., 2017). Importantly, an attenuated, auxotrophic
Salmonella enterica serovar Typhimurium strain has resulted in de-
creased tumor growth in mice bearing B16F10 melanoma and has been
suggested to be able to colonize solid tumors up to a reported 9000
times greater than the liver (Pawelek et al., 1997).

Several strains of S. Typhimurium have been constructed for the
purpose of tumor targeting and chemotherapy delivery, most mention-
able being: A1 (Zhao et al., 2005)/A1-R (Zhao et al., 2007; Hiroshima
et al., 2013; Hoffman, 2016; Hiroshima et al., 2014; Yano et al., 2014;
Murakami et al., 2016; Kawaguchi et al., 2016), BRD509/BRD509E

(Yoon et al., 2014; al-Ramadi et al., 2009), χ4550 (Saltzman et al.,
1996), CRC2631 (Eisenstark et al., 2007), ΔppGpp (Jiang et al., 2013;
Kim et al., 2015; Nguyen et al., 2010), LH340 (Zhang et al., 2007;
VanCott et al., 1998; Jia et al., 2012), LVR01 (Grille et al., 2014),
MvP728 (Manuel et al., 2011; Xu et al., 2014; Xiong et al., 2010), RE88
(Xiang et al., 2005; Lee et al., 2006; Qian et al., 2011), SA186 (Chirullo
et al., 2015), SB824 (Roider et al., 2011), SL3261 (Lin et al., 2012; Ye
et al., 2013), SL7207 (Jarosz et al., 2013; Li et al., 2013; Shi et al., 2016;
Berger et al., 2013), YB1 (Li et al., 2017; Yu et al., 2015), and
VNP20009 (Clairmont et al., 2000). VNP20009 was created by Low
et al. (Low et al., 2004) from strain 14028s through selection for
hyperinvasion by chemical/UV mutagenesis. The strain additionally
contains two targeted deletions resulting in purine auxotrophy
(purM−), and attenuation by modification of lipid A (msbB−) (Low
et al., 2004). VNP20009 was assessed in a variety of animal models, for
acute toxic effects in cynomolus monkeys, yorkshire pigs and mice (Lee
et al., 2000), as well as distribution in mice and nonhuman primates
(Clairmont et al., 2000). VNP20009 was found to preferentially target
tumors in mice, with tumor:normal tissue colonization ratios of
≥1000:1 (Clairmont et al., 2000). Finally, VNP20009 has been
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attributed to curing a dog with epitheliotropic lymphoma, in which the
patient received two infusions of the bacteria, experienced a greater
than 50% reduction of the tumor, and after five total infusions was
disease free (Thamm et al., 2005). These studies culminated in a 2001
Phase 1 Clinical Trial, where VNP20009 was introduced as a treatment
to patients with nonresponsive metastatic melanoma or renal cell
carcinoma. Although colonization was observed for some patients,
treatment with VNP20009 did not result in tumor regression (Toso
et al., 2002). The optimized balance of safe delivery and therapeutic
efficacy remains a topic of interest for future use of Salmonella as a
cancer therapy.

Many S. Typhimurium traits have been investigated for optimiza-
tion of bacterial localization and retardation of tumor growth. These
comprise components of virulence including pathogenicity islands SPI-1
and SPI-2, motility, chemotaxis, biofilm formation and metabolism
(Crull et al., 2011a; Crull et al., 2011b; Chorobik et al., 2013).
Utilization of chemotaxis is particularly an interesting concept, because
the machinery can be manipulated to facilitate bacterial colonization of
specified regions of tumors based on the chemoattractant composition.
Generally, it has been found that bacterial chemotaxis is favorable for
tumor spheroid colonization in vitro, with specific chemoreceptors
facilitating tumor microenvironment localization (Kasinskas and
Forbes, 2006; Kasinskas and Forbes, 2007). In contrast, in immuno-
competent mice, non-chemotactic or non-motile Salmonella strains
colonized tumors with the same efficiency as the wild type (Crull
et al., 2011a; Stritzker et al., 2010; Leschner and Weiss, 2010b).
Recently however, in a high-throughput screening of mutant S.
Typhimurium strains, the presence of chemotaxis gene cheY and
motility genes motA and motB was found to hold an advantage for
tumor colonization (Silva-Valenzuela et al., 2016). Thus, due to
different experimental conditions, S. Typhimurium strains and cancer
models, the role of chemotaxis in vivo is controversial, or perhaps
greatly context dependent.

VNP20009 was recently discovered to be deficient in chemotaxis,
due to a non-synonymous single nucleotide polymorphism (SNP) in the
gene encoding the chemotaxis two-component response regulator, cheY
(Broadway et al., 2015). Upon replacing the deficient copy of cheY with
the wild-type copy, chemotaxis was recovered to 70% of the parental
strain (Broadway et al., 2015). The overall objective of this study was to
determine if chemotaxis of VNP2009 can be optimized to enable future
analysis of maximal tumor targeting potentially through positive
chemotaxis to metabolic byproducts of cancerous tissue. We report
that by restoring the gene which encodes a lipid A altering enzyme
msbB, we significantly increased the performance of the strain in
chemotaxis assays, including swim plates and a microfluidic device,
which establishes attractant gradients. We discovered that the enhance-
ment in population scale chemotaxis performance was partially due to
an increase in the motile cell population of VNP20009 cheY+ upon
curing the msbB defect. In conclusion, lack of modified lipid A due to
the msbB deletion of VNP20009, which is a defining characteristic by
the National Cancer Drug Dictionary, yielding the strain's safety as an
anticancer therapy, also negatively impacts chemotaxis, which makes it
a less ideal strain for exploring the impact of bacterial chemotaxis in
cancer colonization.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Bacterial cell cultures were routinely grown in MSB (Murray et al.,
2001) medium (1% tryptone, 0.5% yeast extract, 2 mM MgSO4, 2 mM
CaCl2) at 37 °C.

2.2. Mutant construction

Mutant strains were constructed using the lambda-red genetic

engineering system (Karlinsey, 2007; Datsenko and Wanner, 2000).
The msbB gene in VNP20009 cheY+ was restored by replacing the
mutated copy with the parental copy. We were careful in this
construction, not to alter the 3′ extension of pykA in VNP20009, which
resulted in 13 new codons (Broadway et al., 2014). This was ensured
using primer pairs msbB400dn with MID1dn, and msbB400up with
MID2up, with template chromosomal DNA from VNP20009 or 14028,
respectively (see Supplemental Table 1). Each of the MID primers have
overlapping regions, resulting in a DNA fragment approximately 1.7
kbps in size.

After deleting msbB in strain 14028, a mutant carrying the Suwwan
deletion was selected for by plating on LB-0 plates (lysogeny broth
(Bertani, 1951) without NaCl) supplemented with 6 mM ethylene
glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA). All
mutations were confirmed by Sanger sequencing.

2.3. Quantitative swim plate assay

MSB swim plates (0.3% agar) were inoculated with 2.5 μL of
stationary phase cultures and incubated for approximately 12 h at
37 °C. Data was normalized to the average of 14028 and represents six
experiments, except the negative control VNP20009 with three experi-
ments, each in triplicate.

2.4. Microfluidic device fabrication and testing

The design and fabrication of the device was previously described in
detail (Traore and Behkam, 2013). Briefly, polyethylene glycol diacry-
late (PEG-DA, MW= 700 Da, 10% (v/v) in phosphate buffered saline
(PBS)) solution mixed with 0.5% (w/v) of the photoinitiator Irgacure®
2959 (Sigma-Aldrich, St. Louis, MO) was photo-polymerized by 15 sec-
onds of UV treatment (365 nm, 18 W/cm2, Omnicure S1000, Vanier,
Quebec) within a polydimethylsiloxane (PDMS) enclosure on the glass
slide. A three-channel pattern blocked the UV penetration to establish
hydrogel wall around the channels. A PDMS layer with access ports for
inlet and outlet tubing was placed on the PEG-DA hydrogel layer and
the entire assembly was sandwiched between two plexiglas supports to
ensure complete seal. Continuous flow of motility buffer (MB; 6.4 mM
K2HPO4, 3.5 mM KH2PO4, 0.1 mM EDTA, 1 μM L-methionine, 10 mM
DL-lactate, 2 mM MgSO4, 2 mM CaCl2, pH 7.0) at 5 μl/min through the
left outer channels and L-aspartic acid in MB in the right outer channel
was maintained for 60 min using a syringe pump (PHD Ultra syringe
pump, Harvard apparatus, Holliston, MA). Finite element analysis
software package COMSOL® was used to evaluate the required diffusion
time for L-aspartic acid transport through the hydrogel wall to establish
a quasi-steady and linear chemical concentration gradients across the
central channel. For instance, the optimum chemical concentration
gradient of 1.54 × 10−5 M/mm was achieved within 60 min where the
chemo-attractant channel was filled with the L-aspartic acid at a
concentration of 10−4 M. For the computational model, the diffusion
coefficient of L-aspartic acid was attained to be D= 1.5 × 10−6 cm2/s,
from previous work using a Franz diffusion cell (Traore and Behkam,
2013). Once the chemical concentration gradient was established
through the central channel, the bacteria suspended in MB were
manually injected to the central channel. Bacterial biased distribution
due to the chemotaxis reached steady state within 15 min.

2.5. Imaging and data analysis of the chemotaxis response within
microfluidic device

Bacterial biased migration via chemotaxis within the microfluidic
device was captured using a Zeiss AxioObserver Z1 inverted microscope
equipped with an AxioCam mRM camera and a 20× objective. The
images were analyzed using an image processing algorithm developed
in MATLAB to quantify the number of bacteria located either in the left
or right half plane of the central channel. The chemotaxis performance
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was quantified using the chemotaxis partition coefficient (CPC) (Traore
and Behkam, 2013), a population-metric showing the chemotaxis
responsiveness and is defined by

CPC = B − B
B + B

r l

r l

where Br is the number of bacteria in the right half plane of the central
channel, Bl is the number of bacteria in the left half plane of the central
channel. When the chemo-effector is located in the right side of a
central channel, CPC values of +1 and −1 indicate the strongest
attraction or repellence, respectively. Data are representative of an
average of 5 × 105 cells/experiment.

2.6. Image and data analysis of bacterial swimming speed

Bacterial movement was captured using a Zeiss AxioObserver Z1
inverted microscope equipped with an AxioCam Hsm camera and a
63 × oil immersion objective at a spatial resolution of 0.31 μm/pixel
and temporal resolution of 30 fps. A minimum of 80 bacteria were
tracked in each experiment and three independent set of experiments
were carried out for each strain. All experiments were conducted at
37 °C. The recorded images were analyzed in ImageJ using the Manual
Tracking plug-in tool (NIH, Bethesda, MD). The instantaneous speeds
were calculated by dividing the distances travelled during each time
increment by the time increment. The average swimming speed was
determined through averaging the instantaneous swimming speeds over
independent experiments. The percentage of motile bacteria in the total
population was quantified using an image processing algorithm devel-
oped in MATLAB, which detects the stationary (non-motile) subpopula-
tion. The position of each bacterium was tracked at 30 s intervals, and
bacteria with unchanged coordinates over two consecutive images were
deemed non-motile. A total of 18 images (containing approximately
1500 bacteria on average) were analyzed for each experiment, and
three independent set of experiments were carried out for each strain.

2.7. Flagella labeling, fluorescence microscopy and image acquisition

Cell cultures were grown to an OD600 of 1.0 in MSB medium at 37 °C
with shaking at 100 rpm, and labeling was essentially performed as
described elsewhere (Turner et al., 2000). Cells were harvested at
1500 × g for 5 min, washed three times in MB, with a final resuspen-
sion in 500 μL MB. One vial of Cy3 monofunctional dye was dissolved in
100 μL MB with 0.0001% Tween-20 (MBT) and divided amongst S.
Typhimurium 14028 and VNP20009 cheY+. Cells were labeled by
incubation at room temperature with gentle shaking for 60 min. Cells
were washed three times in MB to remove excess dye, diluted 10-fold in
MBT, and 5 μL sample aliquots added to poly-L-lysine treated glass
slides. Fluorescently labeled cells and filaments were then observed on
an Olympus IX71 microscope with Applied Precision SoftWorx image
program, using a 100× objective. Fluorescence signal was detected
using a TRITC filter.

2.8. Immunoblotting

Bacterial cell cultures were grown to an OD600 of 1.0 in MSB at
37 °C with shaking at 100 rpm. Culture aliquots of 25 μL, as well as
25 μL supernatant aliquots of a 1 mL sample centrifuged for 10 min at
13,000 × g, were prepared by the addition of 15 μL loading buffer with
β-mercaptoethanol and boiling at 95 °C for 5 min. Samples were
separated in 12.5% SDS polyacrylamide gel and transferred to a
nitrocellulose membrane. The membrane was probed with polyclonal
rabbit antibody for Salmonella anti-FliC/FljB (Difco™) at a dilution of
1:50,000. After removal of residual unbound antibody, blots were
incubated with donkey anti-rabbit horse radish peroxidase conjugated
antibody at a dilution of 1:2500. After removal of unbound antibody,
detection was achieved by enhanced chemiluminescence (Amersham

ECL Western Blotting Detection Kit) using Hyperfilm ECL (GE
Healthcare). Films were scanned with an Epson Perfection 1640SU
and scans were analyzed using ImageJ.

3. Results

3.1. Chemotactic ability is significantly increased by restoring msbB in
VNP20009 cheY+

We first aimed to determine the contribution of msbB to the
remaining chemotaxis defect observed in VNP20009 cheY+. We there-
fore restored the msbB gene in VNP20009 cheY+ using the lambda red
protocol (Datsenko and Wanner, 2000). Swim plates were inoculated
with bacterial strains and the chemotactic response was measured. We
determined that a restoration of msbB in the VNP20009 cheY+ back-
ground increased the relative swim plate phenotype by 13% (Fig. 1).
VNP20009 also carries a Suwwan deletion, which suppresses certain
phenotypes caused by the msbB deletion such as its sensitivity to the
chelator ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid (EGTA) (Low et al., 2016). To differentiate between the contribu-
tion of the msbB and the Suwwan deletion to the chemotaxis phenotype,
we created two mutant strains of the parental strain 14028, one
carrying a deletion in msbB and one that is additionally lacking the
Suwwan region. We found an msbB deletion alone had a severe effect on
bacterial chemotaxis, with the average phenotype only reaching 34% of
the parental strain. However, when the Suwwan region was deleted
additionally, we found a significant increase (by 12%) in the chemo-
taxis phenotype on swim plate (Fig. 1). We hypothesize that the
compensating effect of the Suwwan deletion for several physiological
characteristics observed in VNP20009 is also associated with its effect
on chemotaxis and motility. Interestingly, there is only a small (5%) but
significant difference between 14028 msbB− Suwwan− and VNP20009
cheY+ of 5% (Fig. 1), with the only genomic differences between the
two strains being the purM disruption and SNPs inherently present in
VNP20009 (Broadway et al., 2014). Therefore, msbB and Suwwan
deletions majorly contribute to the chemotaxis defect discovered in
VNP20009 cheY+.

Fig. 1. Chemotactic performance of S. Typhimurium wild-type and mutant strains on
swim plate. All swim ring diameters were normalized to the average of 14028, with data
representing the average of six experiments, each in triplicate and error bars representing
standard deviations. The behavior of all strains is statistically different from each other, as
determined by a one-way analysis of variance (ANOVA), using the Tukey-Kramer HSD
test for means comparison, with a significance level of 0.05. All strains are significantly
different from each other (p < 0.01).
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3.2. Swimming speed is increased by restoration of msbB

To determine the effect of msbB on motility, a factor playing into the
chemotactic response on swim plates, we measured the swimming
speed of 14028, VNP20009 cheY+ and VNP20009 cheY+ msbB+

(Fig. 2). The instantaneous speeds from the distances travelled during

each time increment were defined as Δd
Δt

∥
→

∥ , where Δd is distance
travelled and Δt is time increment. The average speed of the strain

was computed as N
∑i

N Δdi Δt=1
∥

→
∥ , where N is the total number of time

steps. The average speed of strains 14028, VNP20009 cheY+, and
VNP20009 cheY+ msbB+ were 32.5, 25.9, and 28.2 μm/s, respectively
(Fig. 2), with the measured swimming speed of 14028 being in
agreement with the literature (Attmannspacher et al., 2008). There is
a 20% difference in the average swimming speed between 14028 and
VNP20009 cheY+ (p < 0.0001). Notably, the swimming speed in-
creased by 10% with the restoration of msbB (p < 0.0001). Therefore,
swimming speed might contribute to the reduced chemotaxis profi-
ciency observed in VNP20009 cheY+.

3.3. A subpopulation of non-motile cells exists in VNP20009 cheY+ and is
mitigated by restoration of msbB

While tracking bacteria for swimming speed measurements, we
observed a substantial subpopulation of non-motile VNP20009 cheY+

cells, which were not included in the swimming speed calculations. To
determine the percentage of motile cells within populations, motile and
non-motile cells were manually counted, with bacterial 2-D tracking
(Fig. 3). While the whole population of 14028 is motile, only 63% of the
VNP20009 cheY+ cells exhibited motility. Interestingly, the restoration
of msbB resulted in a greater than 20% increase of the motile population
to 83% in VNP20009 cheY+ msbB+. Thus, the presence of msbB
considerably affects cell population motility.

3.4. Flagellation is unaffected by msbB

The deletion of the msbB gene could potentially affect flagellation
and therefore influence the swimming speed and motility of VNP20009
cheY+. We labeled motile cells with Cy3 fluorescence dye to observe
flagella quality for VNP20009 cheY+ and 14028. Specifically, we aimed
to compare relative number, length, and helical pitch of flagellar
filaments. No differences in these three parameters were observed

between the two strains (Fig. 4). However, we noted the presence of
free flagellar filament fragments in VNP20009 cheY+ preparations
more frequently than in 14028, which could have been a result of the
extensive washing steps required during sample preparation (data not
shown). Next, we quantified the amount of flagellin expressed, by
probing cell extracts with an antibody against Salmonella FliC/ FljB,
compared to a fliC− strain as the negative control. We did not find any
differences between 14028, VNP20009 cheY+, and VNP20009 cheY+

msbB+ (Fig. 5). The observation of free filaments in the fluorescently
labeled VNP20009 cheY+ preparations prompted the hypothesis that
the msbB deletion in VNP20009 could result in incomplete support of
the flagella through alteration of the LPS/L-ring anchorage system,
which might lead to greater flagella shearing. We therefore isolated the
culture supernatant after removing bacteria by centrifugation and
assayed for presence of flagellin. No differences in the flagellin amounts
present in culture supernatants were detected. In fact, statistically, the
amount of detected flagellin was not distinguishable between the
negative control and test strains. In conclusion, deletion of msbB does
not negatively affect flagellation.

Fig. 2. Swimming speed of S. Typhimurium wild-type and mutant strains. The average
swimming speed was assessed by 2-D bacterial cell tracking for 14028 (n = 95),
VNP20009 cheY+ (n = 67), and VNP20009 cheY+ msbB+ (n= 81) cells. Error bars
represent standard error and statistical significance was determined by a one-way ANOVA
followed by Tukey-Kramer HSD test. A p-value of 0.05 was used as the threshold for
significance, with statistical differences between all tested strains being p < 0.0001.

Fig. 3. Proportion of motile cells in S. Typhimurium wild-type and mutant strains. The
percentage of motile bacteria in the whole cell population was assessed through manual
tracking. Data is represented as averages of three independent experiments for each
strain, and error bars represent standard error. Statistical significance was determined by
a one-way ANOVA followed by Tukey-Kramer HSD test. A p-value of 0.05 was used as the
threshold for significance with statistical differences between all tested strains being
p < 0.001.

Fig. 4. Representative fluorescence microscopy images of Cy3-labeled S. Typhimurium
14028 and VNP20009 cheY+ cells.
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3.5. The presence of msbB increases the performance of VNP20009 cheY+

in microfluidic chemotaxis assays

To investigate the chemoattractant sensitivities of 14028,
VNP20009 cheY+, and VNP20009 cheY+ msbB+, we used a micro-
fluidic device. Various concentration gradients ranging from 0 M/mm
(control) to 3.0 × 10−5 M/mm of L-aspartic acid were established
across the central channel of the device to characterize the bacterial
response in the presence of the chemo-effector. Continuous flow of L-
aspartic acid in MB in the right channel and MB in the left channel was
maintained to generate static, linear concentration gradients of L-
aspartic acid via diffusion through the hydrogel walls separating the
central channel from the flow channels. The chemotactic partition
coefficient (CPC) was computed and shown as a function of concentra-
tion gradient, where a value of 1 would indicate the strongest response
of bacteria to the chemoattractant (Fig. 6). In control experiments with
14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+, bacterial
migration did not show a biased distribution, as expected (|CPC| <
0.05). The attractant concentration gradient eliciting the strongest
response was determined to be 1.5 × 10−5 M/mm. As expected, the
non-chemotactic parental strain VNP20009 showed no response. While
VNP20009 cheY+ showed a weak response at peak concentration,
restoration of msbB resulted in an enhanced response of VNP20009
cheY+ msbB+ (Fig. 6). Since 37% and 17% of the VNP20009 cheY+ and
VNP20009 cheY+ msbB+ cell populations are non-motile, respectively,
we analyzed the microfluidic chemotaxis data eliminating non-motile
cells. At the optimum concentration gradient, data for the motile
population of 14028 and VNP20009 cheY+ msbB+ mirror the data
acquired for the mixed populations. In contrast, after factoring out the
non-motile subpopulation for VNP20009 cheY+, sensitivity increased
by 47%. Thus, the non-motile subpopulation contributes significantly to
the chemotactic performance of VNP20009 cheY+ in the microfluidic
device.

4. Discussion

Recent literature has witnessed a comeback for the potential use of
bacterial therapy against cancer. Published work on bacterial therapy
has increased two fold every 2.5 years since the mid-1990s through
2010 (Forbes, 2010), where engineered strains of Salmonella Typhimur-
ium have been most extensively studied for decades. Success of

attenuated S. Typhimurium strains is well established in diverse tumor
and animal models, ranging from immunodeficient to immunocompe-
tent mice; xenograft and syngeneic derived tumors; orthotopic, intra-
venous, and subcutaneous injection of cancer cells; route of bacterial
delivery being intravenous, subcutaneous and oral; with outcomes
ranging from tumor growth reduction, metastasis reduction, prolonged
survival of mice and even being synergistically with cancer compromis-
ing the health of the animal. Efficacy of bacterial strains have been
evaluated in preclinical and clinical trials, where the recent 2014 Phase
1 Clinical Trial of S. Typhimurium χ4550 expressing IL-2 was orally
administered to patients with unresectable hepatic metastases from a
solid tumor (NCT01099631). Despite these impressive strides towards

Fig. 5. Immunoblots probing flagellin expression in 14028, VNP20009 cheY+ or VNP20009 cheY+ msbB+. A. Whole cell lysates and B. culture supernatants were probed for presence of
flagellin with anti-FliC/FljB antibody. Top: Representative immunoblots. Bottom: Average from five experiments, each in duplicate, with error bars denoting standard deviations.
Statistical significance was determined by a one-way ANOVA, using the Tukey-Kramer HSD test for means comparison, with a significance level of 0.05. For the whole cell lysates, only
the negative control sample, 14028 fliC− significantly differed from all other strains tested (**p < 0.01). The culture supernatants were not significantly different between all strains
tested.

Fig. 6. Chemotactic performance of S. Typhimurium wild-type and mutant strains to L-
aspartic acid in a microfluidic device. Each strain was loaded into the attractant gradient
established-microfluidic device and data was collected after 15 min. The CPC value was
ascertained for the whole population and only the motile population of each strain, as
indicated (the whole population is the motile population for 14028). At the peak
attractant concentration, statistical analysis with one-way ANOVA, followed by Tukey-
Kramer HSD test with a significance level of 0.05, was performed. For motile populations,
all strains significantly differed from one another (p < 0.001), as well as when whole
populations of all strains were compared (p < 0.001).
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the use of bacteria as anticancer biotherapeutics, optimal targeting and
anticancer effects of bacterial strains are yet to be achieved beyond
preclinical studies.

Previously, we established that the anticancer agent VNP20009 is
deficient in chemotaxis, due to a SNP in cheY, the gene coding for the
response regulator in the two component chemotaxis system. Upon
replacing the mutated copy of cheY with the 14028 parental copy,
chemotaxis was restored to almost 70%, determined using traditional
capillary assays (Broadway et al., 2015). Here, we explored several
factors to explain the remaining differences in chemotaxis between
VNP20009 and the parental strain, including swimming speed, flagella-
tion, attractant sensitivity, and the contribution of msbB and Suwwan
deletion to the remaining defect. The gene msbB encodes an enzyme
that adds terminal myristyl groups to lipid A (Somerville et al., 1996).
Without the LPS modifying enzyme, strains of Salmonella are known to
possess growth defects as well as EGTA and galactose-MacConkey
medium sensitivity (Murray et al., 2001). In strain S. Typhimurium
14028s, these effects are partially suppressed by the Suwwan deletion,
a spontaneous recombination event causing the excision of a 108-
kilobase region of the genome (Murray et al., 2004). We tested the
contribution of this region in conjunction with msbB, through the
construction of 14028 msbB− Suwwan−. Its chemotaxis performance on
swim plates was only slightly lower (5%) than VNP20009 cheY+, which
also has the genotype msbB− Suwwan− (Fig. 1). This result allows the
conclusion that the major contributors to the chemotaxis phenotype of
VNP20009 cheY+ result from the msbB and Suwwan deletions. This
result is contrary to previously reported chemotaxis assays of 14028
msbB−, where no significant difference was observed between the
14028 msbB mutant and 14028 wild type (Frahm et al., 2015). A
possible explanation for our result is that we measured swim ring
diameters after 12 h, whereas in Frahm et al. (Frahm et al., 2015), the
measured time point was at 4 h.

Since bacterial metabolism, chemotaxis, and motility are contribut-
ing to the swim ring phenotype, we determined the swimming speed of
14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+. While
VNP20009 cheY+ exhibited a 20% reduction in swimming speed
compared to 14028, restoration of msbB increased swimming speed
by 9%, but not to the level of 14028 (Fig. 2). We therefore conclude that
gene restoration increases motility, but this increase might not fully
explain the phenomenon we observed on swim plates. We analyzed
flagellation and found no difference between flagellar structures of
VNP20009 cheY+ and 14028 (Fig. 4) and similar levels of flagellin
protein expression of 14028, VNP20009 cheY+, and VNP20009 cheY+

msbB+ (Fig. 5). While flagella shearing was observed for fluorescently
labeled VNP20009 cheY+, possibly due to the several centrifugation
and resuspension steps involved in the experimental procedure, culture
supernatants of VNP20009 strains had no elevated flagellin levels
excluding flagella loss during cell culture growth.

Interestingly, we observed a considerably large subpopulation of
non-motile VNP20009 cheY+ cells when compared to 14028 and the
msbB restored VNP20009 cheY+ derivative (Fig. 3). Restoration of msbB
in VNP20009 cheY+ increased the motile cell population by 20%. The
consequences of the presence of a non-motile VNP20009 cheY+

population was most apparent in the microfluidic device experiment.
At the optimum concentration gradient, the chemotaxis response to the
attractant increased by 47% when only the motile population was
accounted for in the CPC calculation (Fig. 6). It has been described for
Escherichia coli that an msbB (lpxM) deletion results in outer membrane
stress and σE release (Tam and Missiakas, 2005). In Salmonella, σE
regulates 62 genes, governing roles in pathogenicity, oxidative stress
resistance, and stationary-phase survival (Skovierova et al., 2006). It is
therefore feasible to conceive that global regulatory changes are
occurring upon restoring msbB in VNP20009 cheY+, which could affect
the motility of a population.

Our results revealed that complete restoration of VNP20009 che-
motaxis cannot be achieved by replacing mutated genes of cheY and

msbB with their parental copies. However, significant increases in
overall performance can be obtained. Although the lipid A modification
by MsbB is essential for attenuation of VNP20009, it is not ideal for the
downstream application of exploring the role of bacterial chemotaxis in
tumor colonization. Research questions on utilizing bacterial chemo-
taxis for improved tumor targeting might be better suited in strains that
have been attenuated by other means, such as auxotrophy or modifica-
tions of LPS with a less detrimental effect as described by Frahm et al.
(Frahm et al., 2015). However, gene targets for auxotrophy should be
chosen carefully. An S. Typhimurium aroA deletion strain, which is
auxotroph for aromatic amino acids, was reported to exhibit altered
flagellar phase variation (Felgner et al., 2016). It has already been
suspected that VNP20009 is over-attenuated due to its lipid A mod-
ification, which could prevent a maintained, high cytokine TNF-α
release or induction of an inflammatory response. Depletion of TNF-α
has been shown to retard tumor blood influx by the vasculature and
delay bacterial tumor colonization (Leschner et al., 2009). Together,
these results might explain the Phase 1 Clinical Trail outcome using
VNP20009 (Leschner et al., 2009), where significantly elevated TNF-α
concentrations were detected in peripheral blood, however high
enough levels were not maintained over the course of the study (Toso
et al., 2002).

We discovered VNP20009 cheY+ to have reduced chemotaxis
compared to the parental strain. The reduction is at least in part due
to the disruption of msbB, the gene providing VNP20009 with an
attenuated state. Prior to the present study, MsbB function has not been
associated with chemotactic performance. Our objective was to max-
imize chemotaxis, in hopes of testing VNP20009 cheY+ for future
efficacy as a biotherapeutic. We achieved this goal without manipulat-
ing any characteristic features of VNP20009, in particular tumor
targeting and its safety profile. Future studies utilizing VNP20009
cheY+ will bear in mind potentially unknown phenotypes associated
with not only the msbB encoded lipid A modification, but other genomic
alterations present in the strain, which have given it the reputation as
an anticancer therapeutic.
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