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Abstract: Uropathogenic Escherichia coli express hairlike proteinaceous surface projections, known
as chaperone–usher pathway (CUP) pili. Type 1 pili are CUP pili with well-established pathogenic
properties. The FimH adhesin subunit of type 1 pili plays a key role in the pathogenesis of urinary
tract infections (UTIs) as it mediates the adhesion of the bacteria to urothelial cells of the bladder.
In this study, two breast cancer cell lines, MDA-MB-231 and MCF-7, were used to demonstrate the
cytotoxic activities of type 1 piliated uropathogenic E. coli UTI89 on breast cancer cells in a type 1 pili
and FimH-mediated manner. E. coli were grown in static and shaking conditions to induce or inhibit
optimal type 1 pili biogenesis, respectively. Deletion constructs of UTI89 ∆fimH and a complemented
strain (UTI89 ∆fimH/pfimH) were further utilized to genetically assess the effect of type 1 pili and
FimH on cancer cell viability. After incubation with the different strains, cytotoxicity was measured
using trypan blue exclusion assays. UTI89 grown statically caused significant cytotoxicity in both
breast cancer cell lines whereas cytotoxicity was reduced when the cells were incubated with bacteria
grown under shaking conditions. The incubation of both MDA-MB-231 and MCF-7 with UTI89
∆fim operon or ∆fimH showed a significant reduction in cytotoxicity exerted by the bacterial strains,
revealing that type 1 pili expression was necessary for cytotoxicity. Complementing the ∆fimH strain
with pfimH reversed the phenotype, leading to a significant increase in cytotoxicity. Incubating
type 1 pili expressing bacteria with the competitive FimH inhibitor D-mannose before cancer cell
treatment also led to a significant reduction in cytotoxicity on both MDA-MB-231 and MCF-7 cancer
cells, compared to vehicle control or D-mannose alone, indicating the requirement for functional
FimH for cytotoxicity. Overall, our results reveal that, as opposed to UTI89 lacking type 1 pili, type 1
piliated UTI89 causes significant cancer cell mortality in a FimH-mediated manner, that is decreased
with D-mannose.
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1. Introduction

Uropathogenic Escherichia coli (UPEC), a Gram-negative bacterium, is the primary
causative agent of urinary tract infections (UTIs) [1,2]. Like many Gram-negative bacteria,
UPEC also interacts with its environment using proteinaceous, filamentous, polymeric,
nonflagellar fibers known as pili. The type 1 pili, assembled by the chaperone–usher
pathway, mediates the bacterial attachment, biofilm formation and invasion of bladder
urothelial cells [3–8]. In addition to E. coli, several other Gram-negative bacteria including
Klebsiella pneumoniae and Salmonella spp. assemble type 1 pili [9].

Type 1 pili are composed of four different protein subunits (FimH, FimG, FimF and
FimA), maintaining a noncovalent interaction to form the pilus fiber. The adhesin FimH is
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found at the tip of the fiber, situated there with two linker subunits FimG and FimF forming
the short flexible fibrillar tip of the pilus attached to the rod, FimA. The pilus assembly
is catalyzed by a periplasmic chaperone protein, FimC, and an outer membrane (OM)
multidomain catalyst usher FimD [10,11]. The pilus subunits that are transferred into the
periplasmic space via the sec machinery initially mediate a transient interaction with the
chaperone of the system, FimC, which delivers the pseudofolded but stable subunits to the
OM assembly platform, the usher (FimD) [11–14]. Using its multidomain structure, FimD
catalyzes the assembly of the pilus where the chaperone–subunit complexes initially arrive
at the N-terminus of the usher, uncorking the pore structure via mobilizing the plug domain
and ultimate transfer to the C-terminal domains CTD1 and CTD2, followed by a protrusion
through the pore of the usher [13]. Upcoming chaperone–usher subunits then follow the
same routine where the N-terminal domain of each newly arriving subunit is inserted into
the hydrophobic P5 pocket of the penultimate subunit, replacing the chaperone FimC and
noncovalently but stably chaining the subunits to each other forming the pilus fiber [15].

FimH, the two-domain adhesin situated at the distal tip of the pilus has the ability to
bind to mannose moieties with stereochemical specificity [16–18]. It has a pilin domain
interacting with the rest of the type 1 pilus and a lectin domain that mediates host tissue
binding. While the mannose-binding pocket is invariant in all sequenced UPEC isolates,
diversity outside of the pocket exists with various positively selected residues playing a
significant role in FimH conformational dynamics. Particularly, amino acid residue variants
that lead to an extended FimH conformation interfere with infection in vivo [17]. FimH
variants with positively selected residues such as A27 and V163 display an increased
mannose affinity despite being attenuated in cystitis models, highlighting the importance
of interchangeability between high and low mannose affinity conformations of FimH for
pathogenesis in vivo [17]. This interconversion is likely needed for immune evasion such
as avoiding the TLR4-mediated removal from bladder urothelium since an elongated FimH
conformation may prevent the detachment from the uroplakin receptor, rendering the
bacteria susceptible to TLR4-mediated clearance [19]. Sampling of multiple FimH confor-
mations in vivo may also be an adaptation to withstand shear force, emphasizing the “catch
bond” model of FimH function, where shear force exerted on the bacteria can affect the
strength of interaction [20]. Furthermore, different point mutation profiles associated with
the lectin domain of FimH demonstrated a favored adhesion to monomannose residues,
where the same random point mutations rendered the bacteria more sensitized to the solu-
ble inhibitors found in the oropharyngeal mucosa [21], highlighting potential adaptation
mechanisms to different niches.

Type 1 pilus fibers mediate UTI progression by attachment to the urothelial sur-
face via an interaction with the mannose moieties of the uroplakin surface of the blad-
der, in addition to mediating biofilm formation on biotic and abiotic surfaces as well as
intracellularly [4,5,16,17,22]. Type 1 pili and FimH-expressing UPEC has the ability to
invade host 5637 cells in vitro causing actin rearrangements [23]. In vivo mouse models
as well as human studies revealed the requirement of type 1 piliated UPEC interaction
with superficial facet cells lining the bladder to form intracellular bacterial communities
(IBCs) during the first 6–18 h of infections that further can lead to chronic infections [24,25].
In vitro studies [26] also demonstrated β1 and α3 integrins (surface adhesion molecules)
as key receptors for type 1 piliated UPEC. Additionally, many pathogens, including hu-
man cytomegalovirus, Group A Streptococcus, Yersinia spp. and Afa/Dr E. coli, gain entry
into target host cells by binding integrins either directly or indirectly via matrix proteins
such as fibronectin [27–33] The function of such integrins seem to be versatile covering
cell adhesion, migration on extracellular matrix and the establishment of cell contacts in
aggregates. Particularly, their role in mediating cell aggregates in breast cancer models,
including highly metastatic MDA-MB-231 cells, has been investigated, and integrin α3 β1
dimers were shown to have a central role in cancer cell aggregation [34]. For instance, in
solid tumors originating from epithelial cells, α3 β1 expression was increased and their
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inhibition with β1 antibodies was demonstrated to induce apoptosis and inhibit human
breast tumors in vitro and in vivo [35].

The MDA-MB-231 cell line has been used as a model for an aggressive form of
metastatic breast cancer, the triple-negative breast cancer [36]. This type of breast can-
cer lacks expression for both estrogen and progesterone receptors and lacks human growth
factor receptor 2 (HER2) amplification [37–39]. In contrast to MDA-MB-231, an adenocarci-
noma tumor, the MCF-7 cell line, an invasive lobular carcinoma, is non/weakly metastatic
and is estrogen-responsive [40]. A WHO report indicates 685,000 breast cancer deaths
occurred in 2020 alone as the leading cause of death in women [41]. While the actual death
rate from breast cancer has seen a decrease from the year 1989, brought about by advances
in earlier detection and treatment, high rates of mortality are a direct consequence of a
readiness to metastasize [41]. Despite breast cancer being one of the most common forms
of cancer encountered by women and being thought to remain at a higher incidence rate
than others by 2040 [42], current therapies remain limited, leading to a need towards novel
approaches to be developed in order to improve disease outcomes and quality of life.

Several studies have implicated the roles of various types of Gram-negative bacteria
in interfering with tumor cell growth and viability [43]. For instance, a modified strain
of Salmonella Typhimurium expressing a hexa-acylated lipid A was demonstrated to have
antitumoral properties against CT26 colon carcinoma cells both via intravenous and intra-
tumoral applications. Interestingly, intratumoral application allowed the stimulation of
innate and adaptive immune responses as well as the colonization of secondary tumors. In
the same colon cancer model, E. coli probiotics were demonstrated to have antitumoral activ-
ity, particularly via intratumoral administration, with acceptable safety profiles in vivo [44].

In this study, we hypothesized that the interaction of MDA-MB-231 and MCF-7 breast
cancer cell lines with type 1 piliated UTI89 would elicit cancer cell cytotoxicity. Viability
testing of both breast cancer cell lines upon incubation with type 1 piliated UPEC led to a
significant cytotoxicity of tumor cells. Genetically modified UTI89 lacking type 1 adhesin
fimH reduced the cytotoxicity on both cell lines, where fimH complementation rescued the
cytotoxic phenotype. As mannose is a competitive inhibitor of FimH, mannose incubation
of piliated UTI89 before the treatment of cancer cells reduced bacteria-mediated cytotoxicity.
A further investigation of the samples revealed an attachment of statically grown, type
1 piliated UTI89 on the tumor cells compared to the vector control and shaking bacteria.
Strategically engineered UPEC or UPEC products can be yet another potentially effective
adjunct therapy approach to be further studied in various models.

2. Materials and Methods
2.1. Bacterial Strains

Uropathogenic E. coli strain UTI89, a full fim operon deletion mutant SJH-1106 (UTI89
∆fim), fimH knockout in UTI89, SLC2-17-fimH, (UTI89 ∆fimH with pKM208) and fimH
deletion complemented with wild-type fimH SLC2-33-1(UTI89 ∆fimH/pfimH) [16] were
utilized for this study (courtesy of Scott J. Hultgren, Washington University in Saint Louis).
Strains were kept frozen in a −80 ◦C freezer in 20% dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, USA).

2.2. Bacterial Strains and Culture Conditions

Strains were streaked on nutrient agar and incubated at 37 ◦C overnight, where single
colonies were picked the next day. Upon inoculation into a Luria Bertani/lysogeny broth
(LB) (Sigma-Aldrich, St. Louis, MO, USA), 100 mL culture, all UTI89 strains were incubated
under static or shaking conditions [18,45,46] at 37 ◦C overnight in 200 mL flasks. Sterile
100 µL LB medium was used as a vehicle control.

2.3. Tissue Culture Conditions

MDA-MB-231 and MCF-7 breast cancer cells were obtained from Imperial College,
London UK, courtesy of Prof. Dr. Mustafa Djamgoz. Cells were grown in Dulbecco’s Modi-
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fied Eagle Medium (DMEM) (Gibco by Life TechnologiesTM, Grand Island, NY, USA) sup-
plemented with 5% fetal bovine serum (FBS) (Gibco by Life TechnologiesTM, Grand Island,
NY, USA) and 2% L-glutamine (Gibco by Life TechnologiesTM, Grand Island, NY, USA).
Cells were seeded into 100 mm falcon tissue culture dishes (Ultra Cruz, Dallas, TX, USA)
and incubated at 37 ◦C, 5% CO2 and 100% relative humidity. They were grown to 90–100%
confluence before being counted and were cultured overnight to allow them to adhere
to the bottom of the wells of uncoated falcon dishes in monolayers before being used for
the experiments [47].

2.4. Trypan Blue Exclusion Assay

A trypan blue assay (0.1%) was used to determine cell death [48]. MDA-MB-231 and
MCF-7 cells were plated into 35 mm falcon tissue culture dishes (Thermo Fisher Scientific
Nunc A/S, Roskilde, Denmark) with a 5 × 104 cells/mL density and allowed to incubate
overnight to settle before the application of the treatment. Bacterial cells were normalized
to an OD600 of 1. One hundred microliters from the prepared suspensions was added onto
the confluent layer of breast cancer cells at a multiplicity of infection (MOI) of 1000:1 [49]
in 6-well plates and incubated for an hour at 37 ◦C, 5% CO2 and 100% relative humidity.
Control cells received LB (vehicle control) only. Untreated breast cancer cells received only
cell culture media (DMEM). Cell culture medium ± bacterial culture or control was placed
with 0.1% trypan blue (Gibco by Life Technologies, Grand Island, NY, USA) in DMEM
and incubated at 37 ◦C for 10 min. The trypan blue solution was then replaced with 1 mL
of fresh culture medium, the cells were viewed at 20× magnification under an inverted
microscope (Leica Microsystems Ltd. CH-9435, Heerbrug, Germany) and the percentage of
alive cells ((unstained/stained) × 100) was calculated from 20 representative areas [47,48].

2.5. D-Mannose Treatment Protocol

A D-mannose (Now Foods, Bloomingdale, IL, USA) solution, 1% (w/v), was made
by dissolving a pure powder in sterile PBS (pH 7). The bacteria were cultured in the same
manner as described before. The OD600 of each strain was measured, and the amounts to
be added to cell culture well plates were calculated. Prior to the cancer cell inoculation,
static and shaking E. coli UTI89, UTI89 ∆fim, UTI89 ∆fimH and UTI89 ∆fimH/pfimH were
incubated in 100 µL of 1% (w/v) D-mannose solution for 15 min at 37 ◦C [50].

2.6. Cell Surface Area and Bacterial Attachment Measurements

To obtain the cell surface area [51] and bacterial attachment measurements, all images
from trypan blue assay experiments were processed via ImageJ 1.50i software (accessed on
3 July 2022) under 20× magnification. Vehicle control experiments’ breast cancer cells only
received LB media, and DMEM were taken as 100% cell culture media. Cell area calculation
and bacterial attachment measurements were performed from 10 representative areas for
each experimental setup.

2.7. Hemagglutination Assay

Hemagglutination assay [52] was used to determine the expression of functional type
1 pili by different UTI89 constructs grown under different conditions. Static and shaking
E. coli UTI89, UTI89 ∆fim, UTI89 ∆fimH and UTI89 ∆fimH/pfimH were grown and diluted
with the growth medium to a density of 5 × 108 colony-forming units/mL (cfu/mL). Equal
amounts of the bacterial suspension and 1% EDTA canine erythrocyte suspension [53] in
PBS were incubated in 12-well plates for 30 min at 37 ◦C. All incubations were performed
in the presence/absence of D-mannose to reveal D-mannose sensitive agglutination. Prior
to incubation with blood, equal amounts of bacterial suspensions and 1% (w/v) D-mannose
were incubated for 15 min at 37 ◦C. The agglutination of canine erythrocytes was de-
termined by viewing under an inverted microscope (Leica Microsystems Ltd. CH-9435,
Heerbrug, Germany) at 10×magnification.
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2.8. Statistical Analysis

All experiments were carried out 3 independent times in triplicate. Where required,
Student’s t-test followed by a one-way ANOVA followed by a Newman–Keuls post hoc
analysis was performed and results at p < 0.05 (*) and p < 0.01 (**) were considered
significant. All data are represented as average ± SEM.

3. Results
3.1. Statically Grown UTI89 Exerts Cytotoxicity on Strongly and Weakly Metastatic Human
Breast Cancer Cell Lines MDA-MB-231 and MCF-7

Statically incubating UTI89 uropathogenic E. coli at 37 ◦C induced the expression
of type 1 pili, whereas UTI89 type 1 pilus expression was reduced under shaking condi-
tions [46] (Supplementary Figure S1 and Table S1). In order to investigate the ability of
type 1 piliated UTI89 to interfere with tumor cell viability, trypan blue cytotoxicity assays
were carried out. While statically grown, type 1 piliated UTI89 was shown to cause a 54.1%
decrease in the viability of MDA-MB-231 cells (45.90% ± 1.9 viability compared to control,
p < 0.01), UTI89 grown under shaking conditions exhibited only a 18.14% decrease in viabil-
ity such that 81.86% ± 1.91 of the cells remained viable (Figure 1a). Statically grown UTI89
showed a 39.69% decrease in viability in MCF-7 cells (60.31% ± 3.10 viability compared to
the control experiments, p < 0.01), while UTI89 grown under shaking conditions displayed
a 19.25% reduction in cytotoxicity on the MCF-7 cell line (80.75% ± 7.17 viability compared
to control (p < 0.05) (Figure 1b). Compared to UTI89 grown under shaking conditions,
statically grown UTI89 demonstrated significantly higher levels of cytotoxicity. Overall,
our results demonstrated the ability of statically grown UTI89 to cause significant levels of
cytotoxicity on highly metastatic breast cancer cells MDA-MB-231 and to a lower extent, on
lowly metastatic MCF-7 cells, with MDA-MB-231 appearing more susceptible to the static
bacteria by 14.41% (Figure 1a,b).
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Figure 1. Statically grown UTI89 demonstrated significantly higher levels of cytotoxicity on highly
metastatic breast cancer cells MDA-MB-231 compared to weakly metastatic breast cancer cells
MCF-7. The incubation of MDA-MB-231 cells with UTI89 grown under shaking or static conditions
(a) revealed a reduction in cell viability, with a significantly higher reduction in viability with static
UTI89 (45.90% ± 1.9 viability vs. control, p < 0.01; n = 3). The incubation of MCF-7 cells with UTI89
grown under static conditions (b) revealed a significant reduction in cell viability (60.31% ± 3.10
viability vs. control, p < 0.01; n = 3). The reduction in cell viability was stronger for MDA-MB-231
(viability: 45.90%, p < 0.01 vs. control) compared to MCF-7 (viability: 60.31%, p < 0.01 vs. control).
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The incubation of MDA-MB-231 and MCF-7 cells with UTI89 grown under shaking conditions caused
less reduction in cancer cell viability compared to statically grown UTI89 (MDA-MB-231: p < 0.01;
MCF: p < 0.05; vs. control; n = 3). Data represented as ± S.E.M. (**: p < 0.01; *: p < 0.05).

In order to investigate UTI89 interactions with MCF-7 and MDA-MB-231 cells, we
carried out microscopy studies. Upon investigation of cancer cells incubated with static
or shaking bacterial samples or vehicle control, it was observed that the statically grown
UTI89 cells were mediating contact with the MDA-MB-231 and MCF-7 cells (Table 1). While
UTI89 grown under shaking conditions also demonstrated an interaction with the MDA-
MB-231 and MCF-7 cells, the extent of that interaction was smaller (Table 1, Supplementary
Figure S2). Cell area measurements revealed that incubations with static and shaking UTI89
also caused a significant decrease (p < 0.01) in MDA-MB-231 cell surface area. Statically
grown bacteria and bacteria grown under shaking conditions caused a 67.47% and 63.17%
decrease, respectively (Table 2, Supplementary Figure S3). On the other hand, MCF-7
incubated with static or shaking UTI89 revealed an observed increase in surface area,
although that increase was not statistically significant (p > 0.05). A decrease in the surface
area of MDA-MB-231 cells upon incubation with UTI89 may indicate an activation of
apoptotic mechanisms in this highly metastatic breast cancer cell line [54].

Table 1. Average number of bacteria attached per MCF-7 and MDA-MB-231 cell surface upon
incubation with static or shaking UTI89. Data represented as ±SEM.

UTI89 Static UTI89 Shaking

MDA-MB-231 3.94 ± 0.12 2.44 ± 0.01

MCF-7 3.14 ± 0.09 2.25 ± 0.03

Table 2. Changes in MCF-7 and MDA-MB-231 breast cancer cell % surface area upon incubation with
static or shaking UTI89. Data represented as ±SEM.

Vehicle Control UTI89 Static UTI89 Shaking

MDA-MB-231 100 ± 8.95 32.5 ± 2.4 36.8 ± 3.69

MCF-7 100 ± 13.45 153.35 ± 21.13 156.78 ± 23.91

3.2. UTI89-Mediated Cancer Cell Cytotoxicity Is FimH-Dependent

FimH adhesin is found at the tip of the type 1 pilus and allows bacterial adhesion to
host tissues such as the bladder uroplakin. To investigate the role of UTI89 FimH type 1
pili adhesin in mediating the cytotoxicity of breast cancer cells, we utilized a ∆fimH UTI89
construct. In the absence of fimH (Supplementary Figure S1 and Table S1), the toxicity
of UTI89 against MDA-MB-231 was significantly reduced, compared to wild-type (wt)
UTI89 (p < 0.01, Figure 2a). After incubation of the MDA-MB-231 tumor cells with UTI89
∆fimH and wt UTI89, the viability was 83.04%± 0.29 (p < 0.01) and 45.39% ± 2.55 (p < 0.01),
respectively. Upon incubation of the same bacterial strains with the weakly metastatic
human breast cancer MCF-7 cell line, the cell viability was 91.35% ± 3.31 (p > 0.05)
and 57.74% ± 4.62 (p < 0.01), respectively (Figure 2b). The fimH-complemented strain
(Supplementary Figure S1 and Table S1), UTI89 ∆fimH/pfimH [16], was used to demon-
strate that upon complementation of the UTI89 ∆fimH strain with the fimH gene, cancer
cell viability was significantly reduced. Incubation of the MDA-MB-231 cells with the
complemented strain UTI89 ∆fimH/pfimH reduced cancer cell viability to 44.97% ± 1.24
(p < 0.01). On the other hand, MCF-7 cells incubated with the fimH-complemented strain
UTI89 ∆fimH/pfimH revealed a relatively higher viability value (54.79% ± 2.49, Figure 2b)
compared to the MDA-MB-231 cells. These values correlate with high cytotoxicity levels of
the piliated UTI89 strain grown under static conditions between the wild type and comple-
mented strains. These results, while collectively confirming the role of FimH adhesin in the
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reduction of cancer cell viability, also implicate FimH in leading to cytotoxicity on human
breast cancer cell lines preferentially affecting highly metastatic, estrogen-independent
MDA-MB-231 cells rather than lowly metastatic, estrogen-dependent MCF-7 cells.
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Figure 2. UTI89-mediated cancer cell cytotoxicity is FimH-dependent. (a) UTI89 ∆fimH exerts a
reduced cytotoxicity on MDA-MB-231 cells compared to wt UTI89, leading to a higher cell viability.
The cell viability is reduced back to wt levels when UTI89 ∆fimH is complemented with fimH
(UTI89 ∆fimH/pfimH). (b) UTI89 ∆fimH exerts reduced cytotoxicity on MCF-7 breast cancer cells
compared to wt UTI89, leading to a higher cell viability. The cell viability is reduced close to wt levels
when UTI89 ∆fimH is complemented with fimH (UTI89 ∆fimH/pfimH). Data represented as ±SEM
(**: p < 0.01; n = 3).

3.3. D-Mannose Prevents FimH-Mediated UTI89 Cytotoxicity of MDA-MB-231 and MCF-7
Breast Cancer Cells

Previous research has established that mannose acts as a competitive inhibitor of
type 1 pilus mediated bladder adhesion and erythrocyte agglutination [16–18,52,53,55,56]
(Supplementary Figure S1 and Table S1). We sought to investigate whether man-
nose could also play a role in preventing the FimH-mediated cytotoxicity exerted
on the breast cancer cells. Incubating the UPEC strains expressing type 1 pili, static
wt UTI89 and UTI89 ∆fimH/pfimH with D-mannose, before the MDA-MB-231 treat-
ment, revealed a significant reduction in cytotoxicity (Figure 3). No significant change
was observed when D-mannose was added to the UPEC strains that either were not
grown under type 1 pili inducing conditions (shaking wt UTI89) or were genetically
lacking the fim operon (UTI89 ∆fim) or fimH (UTI89 ∆fimH) (Figure 3). Similarly, a pre-
treatment of type 1 pili expressing bacteria (static wt UTI89 and UTI89 ∆fimH/pfimH)
with D-mannose before the treatment of the weakly metastatic cancer cell line
MCF-7 revealed the same trend. Preincubation of statically grown wt UTI89 and UTI89
∆fimH/pfimH with D-mannose significantly reduced the UTI89-mediated cytotoxic-
ity exerted on the MCF-7 human breast cancer cell line (Figure 4). However, when
UTI89 ∆fimH or UTI89 ∆fim was treated with D-mannose, no significant change in
the level of cytotoxicity was observed (Figure 4). These data collectively suggest that
FimH mediates an interaction with the cancer cells via a mechanism similar to man-
nose binding, and that a functional FimH is essential for the cancer cell cytotoxicity
of UTI89.
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Figure 3. D-mannose inhibits the UTI89-mediated, FimH-dependent cytotoxicity of strongly
metastatic human breast cancer cells. Various genetic constructs of UTI89 were incubated with
MDA-MB-231 breast cancer cells with or without D-mannose preincubation. The constructs encoding
fimH reduced the viability of cancer cells; however, the preincubation of these bacterial cells with
D-mannose interfered with the cytotoxicity. Data represented as ±SEM (**: p < 0.01; n = 3).
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Figure 4. D-mannose inhibits the UTI89-mediated, FimH-dependent cytotoxicity of weakly metastatic
human breast cancer cell cytotoxicity. Various genetic constructs of UTI89 were incubated with MCF-7
breast cancer cells with or without D-mannose preincubation. The constructs encoding fimH reduced
the viability of cancer cells; however, the preincubation of these bacterial cells with D-mannose
reduced the level of FimH-mediated cytotoxicity. Data represented as ±SEM (**: p < 0.01; n = 3).
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4. Discussion

Bacterial colonization of tumor cells has been established in various reports as a
potential novel immunotherapy method against several cancers [57]. This study evaluated
the significance of the role of type 1 piliated UTI89 on the cytotoxicity of MDA-MB-231
and MCF-7 cell lines. The trypan blue exclusion assay results indicated higher levels of
cytotoxicity exerted by piliated UTI89 on MDA-MB-231 cells than on MCF-7, revealed by
14.41% more cell death for MDA-MB-231 cells. When grown statically, UTI89 type 1 pili
expression was induced, and a growth under shaking conditions hindered their expression
(Supplementary Figure S1 and Table S1). UTI89 grown under static conditions exerted
significantly higher levels of cytotoxicity on both breast cancer cell lines, highlighting the
role of type 1 pili in cytotoxicity. Cytotoxicity was revealed to be mediated via FimH as
the fimH deletion exerted reduced cytotoxicity and was reversed by complementation.
Furthermore, FimH is thought to bind to cancer cells in a similar mechanism to mannose
binding as D-mannose interfered with type 1 pili mediated UTI89 cytotoxicity, further
emphasizing the necessity of a functional FimH for cancer cell cytotoxicity.

Among other reasons, a FimH-mediated variation in cytotoxicity may be influenced
by differential levels of integrins β1 and α3 expression on MDA-MB-231 cells versus MCF-7
cells [58]. Previous studies demonstrated the high levels of integrins α3 and β1 expression
on an MDA-MB-231 human breast cancer cell line and lower levels of expression on MCF-7
human breast cancer cells with low metastatic potential [58,59]. Integrins were shown
to contribute to tumor progression and metastasis by increasing tumor cell migration,
invasion, proliferation and survival, and integrin antagonists have been considered as
potential therapeutic options in several cancer types [60]. Previous work revealed the ability
of type 1 piliated UPEC in mediating cell invasion in an integrin mediated manner [26].
Furthermore, the interaction between integrins α3 and β1 was shown to have been carried
out via FimH [26]. β1 and α3 integrins are expressed on the highly metastatic breast cancer
cell line MDA-MB-231 and they are thought to be involved in the attachment of these cells
to cortical bone cells [61]. They are thought to have roles in the initiation, progression
and thus metastasis of solid tumors progressing to skeletal metastases [58]. Conversely,
β1 and α3 integrins are lowly expressed on the MCF-7 breast cancer cell line [59]. The
more potent cytotoxic activities of type 1 piliated bacteria on integrin-expressing, estrogen-
independent, strongly metastatic MDA-MB-231 cell lines compared to weakly metastatic
MCF-7 cell lines may thus be due to this differential level of integrin expression. Future
studies will investigate the potential involvement of integrins in FimH-mediated cancer
cell cytotoxicity.

Our study demonstrates the importance of FimH in mediating tumor cell cytotoxicity.
Additionally, we observed a slight nonspecific reduction in cell viability (about 10–20%)
even under unpiliated conditions. This could be due to various bacterial factors including
toxins encoded by UTI89 such as hly (α-hemolysin), CNF1 (cytotoxic necrotizing factor 1)
and vat (vacuolating autotransporter toxin) [62–64]. Interestingly, UTI89 ∆fim led to a slight
but significant D-mannose-independent cytotoxic profile on MDA-MB-231 cells which may
be due to the induction of other CUP pili systems such as S-pili in the absence of the fim
operon [55]. While the expression of these toxins or other factors under different conditions
is beyond the scope of this study, future studies will investigate the involvement of these
factors and others in tumor cell cytotoxicity. Furthermore, nontumoral cells, such as the
nontumoral human mammary epithelial cell line MCF-10a, will be evaluated to investigate
the specificity level of the observed cytotoxicity on tumor cells.

In addition to well-studied high-mannosylated uroplakin Ia glycoprotein receptors and
integrins, studies indicated the ability of FimH to interact with various proteins including
the kidney Tamm–Horsfall proteins [65]. FimH was also shown to bind proteins associated
with the extracellular matrix including fibronectin, laminin and type IV collagens [66–68].
Furthermore, desmoglein 2 was revealed as a primary renal epithelial receptor for FimH [68].
The mannosylated extracellular domain of desmoglein 2 mediated an interaction with FimH
in vitro, where FimH mannose binding pocket mutations such as the Q133K point mutation
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abolished binding [68]. Since desmoglein 2 is expressed by both MDA-MB-231 and MCF-7
cells [69] and was shown to promote breast tumor growth, where its cleavage sensitizes cells
to apoptosis, future studies will investigate if the observed FimH-dependent cytotoxicity is
mediated by desmoglein 2 [70].

In addition to different FimH receptors, different variants of FimH seem to affect
binding affinities and specificities. For instance, while FimH variants from uropathogenic,
fecal and enterohaemorrhagic E. coli isolates were observed to have the same binding
affinity for mannose moieties, FimH from a nonuropathogenic strain O157 with the N135K
mutation at the mannose-binding pocket abolished all binding [71]. It will be interesting to
elucidate how different FimH variants from different pathogenic species are modulating
cancer cell cytotoxicity in the context of different receptors.

Other Enterobacteriaceae species, such as a genetically modified Salmonella typhimurium
strain VNP20009 used for therapeutic purposes, were demonstrated to preferentially prop-
agate in tumors [72]. Salmonella spp. also utilize a variety of mechanisms such as toxin
production to kill tumor cells via apoptosis or autophagy [73]. Similarly, previous work
highlighted a targeting and proliferation of E. coli at primary and metastatic tumors in
mouse models [74]. However, how this targeting happens largely remains unclear and is
thought to be mediated by both passive and active mechanisms such as blood flow and
chaotic vasculature formation in the tumor microenvironment pushing the bacteria towards
the tumor [74]. Supporting the observations of bacterial tumor targeting, our studies also
revealed a preferential accumulation of type 1 piliated bacteria around tumor cells (Table 1).
Furthermore, we highlighted a molecular mechanism that implicated FimH as a factor in
the targeting of bacteria toward tumor tissue to mediate cytotoxicity. To our knowledge,
this is the first study demonstrating CUP-piliated bacteria as a means to mediate cancer
cell viability. These data suggest that engineered UTI89 or bacterial products of UTI89 can
be further studied to be potentially utilized as anticancer agents.

As synthetic biology approaches are gaining traction using engineered bacterial cells
in various preclinical settings [75], FimH and CUP pili may pose a research outlet to
investigate their potential action against tumor cells. Previous work established that
type 1 piliated pathogenic E. coli induced urothelial apoptosis by suppressing NFκ-B [76].
Intratumorally injected, engineered bacteria showed promising results in clinical trials [77].
Utilizing either bacteria carrying type 1 CUP pili or isolated pili adhesin for these purposes
may offer new avenues of research in future cancer studies. Before effectivity, the safety
of approaches utilizing bacteria is of foremost importance, hence these studies should be
carried out with animal models keeping the notion of safety as a priority. In in vivo settings,
the immunostimulatory impact of bacteria in the tumor microenvironment is thought
to further increase the anticancer responses [77–81]. Thus, two distinct yet potentially
synergistic approaches of immune stimulation and FimH-mediated cancer cell cytotoxicity
can be involved in antitumor mechanisms in in vivo settings.

D-mannose was shown to be protective against recurrent urinary tract infections [16,17].
fimH-encoding bacteria incubated in D-mannose caused a significant decrease in cancer cell
cytotoxicity. Since mannose is a competitive inhibitor of FimH, bacteria likely interact with
the cancer cells in a mechanism similar to that of mannose binding. This finding suggests
that mannose may be utilized as a means by which the cytotoxic behavior of UPEC or
UPEC products/pili can be controlled by the addition or removal of mannose.

In conclusion, our study revealed, for the first time, a breast cancer cell cytotoxicity
mediated by UPEC via the CUP type 1 pili adhesin FimH. UTI89 UPEC grown under pilus-
inducing, static conditions were shown to exert significantly higher levels of cytotoxicity
compared to the bacteria grown under shaking conditions, where pilus biogenesis was not
induced. An increased cytotoxic activity was observed on strongly metastatic MDA-MB-231
cells compared to the weakly metastatic MCF-7 cells. Cytotoxicity was effectively reduced
upon deletion of the fimH adhesin and reversed upon complementation. The observed
cytotoxic behavior can be prevented when bacteria are pretreated with D-mannose. Future
studies will delineate the mechanisms behind cytotoxicity and the role of CUP pili in
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mediating the differential cytotoxic behavior. The knowledge generated in this study on
utilizing established yet manipulable pathogens for interfering with human cancers may
aid in designing microorganisms or their products as novel therapeutics and engineering
bacteria/bacterial products to be studied against various cancer models.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens12060751/s1, Figure S1: Light microscopy im-
ages of E. coli UTI89 grown under static or shaking conditions, UTI89 ∆fim, UTI89 ∆fimH and
UTI89 ∆fimH/pfimH incubated with canine blood with/without D-mannose (10× magnification);
Table S1: Red Blood Cell Hemagglutination of various constructs of UTI89 with/without D-mannose;
Figure S2: Inverted light microscopy images revealed that UTI89 grown statically has increased inter-
action with both MDA-MB-231 and MCF-7 breast cancer cells compared to the UTI89 grown under
shaking conditions (×20 magnification; arrows point to the enlarged area); Figure S3: Inverted light
microscopy images revealed significant cell surface area reduction in MDA-MB-231 cells upon incuba-
tion with both static and shaking UTI89 compared to MCF-7 breast cancer cells (×20 magnification).
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