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Abstract

Intracellular bacterial infections are difficult to diagnose and treat because the host cells shelter
the bacteria from molecular recognition by imaging agents, antibiotics, and the immune system.
This problem arises when bladder epithelial cells are infected by uropathogenic Escherichia coli
(UPEC)—one of the causative agents of urinary tract infection (UTI). UTIs are among the most
common bacterial infections and a worldwide health concern. It is challenging to design molecular
probes for intracellular UPEC imaging or targeted antibiotic treatment because the probe must
possess multiple capabilities—it must permeate the host cell plasma membrane and selectively
associate with the intracellular UPEC. Here, we report a “first-in-class” fluorescent probe called
BactVue that is comprised of two structural components: a modified zinc (l1)-2,2’-dipicolylamine
complex (Zn-Oxy-DPA) as the bacteria targeting unit and an appended near-infrared cyanine
fluorophore that is hydrophilic but with near-neutral electrostatic charge. The unique capacity of
BactVue to target intracellular UPEC was demonstrated by a series of in vitro and in vivo
fluorescence imaging studies. The results show that BactVue can penetrate infected human
bladder epithelial cells and stain intracellular UPEC both in vitro and in a mouse model of UTI.
These results support the feasibility of incorporating BactVue into diagnostic near-infrared
fluorescence imaging methods that visualize the location of infected bladder cells during active
UTI. There is also great potential to develop homologous molecular probes for other imaging
modalities and to design new therapeutic approaches that exploit selective targeting by the Zn-
Oxy-DPA unit.
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Introduction

Urinary tract infection (UTIl) is a common bacterial infection worldwide that can lead to
hospitalization in severe cases."® Women have a 50-60% lifetime occurrence rate of UTI, with
27% of those patients experiencing recurrent episodes. Research has identified uropathogenic E.
coli (UPEC) as the primary cause of UTIs.® 7 The ability of UPEC to invade luminal epithelial cells
of the bladder (urothelial cells) and avoid inactivation by antibiotics or the host immune system is
a critical factor in establishing a persistent infection.®'® Recent work has shown that the bacteria
invade deep bladder tissues and form intracellular bacterial communities (IBCs) in mice and
humans.* ' 12 These IBCs act as reservoirs that may contribute to frequent recurrence following
antibiotic treatment and remission of symptoms.® '® Detection of latent intracellular bacteria in a
living subject is difficult; consequently, many persistent infections go undiagnosed.'* Urine culture
is commonly used to confirm a UTI; however, this method is relatively slow and resource-
intensive, limiting clinical effectiveness as it cannot detect tissue-resident bacteria.'®'® Faster
diagnostic methods, such as urinary dipstick and urine microscopy, have limited diagnostic
accuracy and cannot detect intracellular bacteria either.'®?! Although IBCs are well described,
unambiguous identification within living tissue is challenging and remains a major hurdle to clinical
translation as—to the best of our knowledge—there are no systems capable of selectively staining

live bacteria within a living cell.

The host cell plasma membrane of a living cell is a formidable barrier that protects intracellular
bacterial infections such as UTls, and there is a need for new molecular targeting strategies that
enable UTI imaging and treatment.® 2224 In principle, the ideal molecule for selective targeting of
intracellular UPEC should possess two distinct capabilities—reversibly permeate the cell plasma
membrane and selectively associate with the intracellular UPEC. Literature reports of molecules

that target intracellular bacteria are rare and focus primarily on antibiotic drug conjugates.?5-2
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While large molecules such as antibodies may have attractive molecular recognition properties,
their use is likely to be limited by poor membrane permeability. On the other hand, small targeting
molecules might exhibit better membrane permeability, but it is challenging to design them with
the appropriate cell recognition properties. In this regard, a differentiating feature between healthy
mammalian cells and bacteria is the cell surface charge. The surrounding envelope of virtually all
bacteria, including UPEC, has an anionic electrostatic surface, whereas the exterior electrostatic
surface of healthy mammalian cell membranes is closer to neutral.?*3! This difference in surface
charge has been exploited by designing cationic molecular probes that have selective affinity for
anionic bacteria membranes. The structural scope includes peptides, synthetic organic
molecules, and metal coordination complexes.®>3* Particularly effective are zinc(ll) 2,2'-
dipicolylamine (ZnDPA) coordination complexes, which are known to selectively target bacterial
cells in complex environments, including living subjects.?® 3% 3¢ The selective targeting is attributed
to a synergistic combination of electrostatic attraction and zinc coordination with the abundant
anionic phosphate and carboxylate groups on the polar amphiphiles in the bacterial cell wall. In
addition to bacteria, ZnDPA complexes are known to target other types of cells with anionic
surfaces, including dead and dying mammalian cells, though this ligand has never been shown
to pass a lipid bilayer. In contrast, the modified version of the ZnDPA scaffold has a bridging
oxygen atom between the two zinc(ll) atoms (Zn-Oxy-DPA), which is significantly less studied, is
a more compact ligand, with the Zn binding to the bridging oxygen. We suspect this ligand is more

likely to interact with the cellular membrane than the more ubiquitously used ZnDPA.37-3°

A key design element is the appended fluorescent dye.**** Near-infrared (NIR) fluorescent dyes
are logical choices for in vivo imaging owing to the relatively deep tissue penetration of long
wavelength light, with minimal background autofluorescence and reduced light scattering by
tissue components. 44*° Heptamethine cyanine (Cy7) dyes possess exceptional NIR fluorescent

characteristics; however, because they are naturally hydrophobic, their structures must be
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modified with charged functional groups to make them water-soluble. This modification is
necessary to prevent undesired processes, such as self-aggregation and non-specific binding to
biological surfaces that are not the intended targets.*® °{Adams, 2020 #122} Since our design
goal was a molecular probe that permeated mammalian cells and reached the cytosol, there
needed to be a judicious balance of molecular charge and hydrophobicity.>' This led us to design
an NIR fluorescent probe called BactVue (Scheme 1). The molecular structure comprises a Zn-
Oxy-DPA targeting unit appended to Cy7 dye with a charge-balanced structure and two short
shielding arms.52** We have assessed the capacity of BactVue to target UPEC by conducting a
series of in vitro and in vivo fluorescence imaging studies. We found that BactVue can penetrate
infected human bladder cells and stain intracellular UPEC and can be used to visualize UPEC

infection within the bladder of a living mouse model of UTI.

Scheme 1: Structure of BactVue. The Zn-Oxy-DPA complex (orange) is attached to a NIR fluorescent Cy7
dye that has a charge-balanced structure with two shielding arms.
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Results and Discussion
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Figure 1. A) General synthesis of fluorescent probes. B) Structure of Anionic control dye. C) The absorption
and emission spectra of BactVue in water (Aex=775 nm, Aem=810 nm). D) Cy7 fluorescence image of UTI89
bacteria stained with BactVue overlayed with the bright-field image. E) Images of pelleted liposomes in
Eppendorf tubes showing BactVue can reversibly associate with cell membranes. The leftmost image
shows the pellet before treatment with BactVue, followed by (i) treatment with BactVue, which causes
staining, but (ii) after washing, the dye is removed, causing the liposomes to return to their original color. F)
Emission spectrum of before addition of BactVue (orange line) liposomes after incubation with BactVue (red
line) and liposomes after washing (black line) showing that BactVue reversibly stains the liposomes.

BactVue was prepared straightforwardly by covalently connecting the Oxy-DPA ligand to the

appropriate Cy7 fluorophore (F), followed by treatment with two molar equivalents of Zn(NO3).
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(Figure 1A). To demonstrate the importance of the charge-neutral characteristic of BactVue, we
also prepared an Anionic control dye (Figure 1B). Both molecular probes were soluble in water.
As expected for Cy7 dyes, BactVue exhibited an intense absorption peak at 775 nm with
fluorescence emission at 810 nm (Figure 1C), and Anionic control dye exhibited very similar

spectral properties (Figure S1).

Initial experiments focused on in vitro staining of bacteria and involved the addition of BactVue
(final concentration of 10 uM) to a culture of UTI89—a well-characterized laboratory strain of
uropathogenic E. coli.>® 56 After incubation, the stained bacterial cells were washed three times
by repeating a sequence of centrifugation, removal of the aqueous solution, and pellet dispersion
in fresh solution. The NIR fluorescence micrograph in Figure 1D reveals obvious and irreversible
BactVue staining of the UTI89 bacteria. An identical staining procedure using Anionic control dye
also produced staining of UTI89, as depicted in Figure S2. Additional fluorescence imaging
evidence was gained by incubating separate UTI89(GFP) samples, a strain of UTI89 that
expresses a stable form of green fluorescent protein, with BactVue or Anionic control dye. In both
cases, there was high colocalization of the probe’s Cy7 fluorescence with the green emission of

the UTI89(GFP) bacteria (Figure S3).

The next round of experiments compared the capacity of BactVue and Anionic control dye to
reversibly enter liposome bilayers that mimic the plasma membranes of mammalian cells.
Unilamellar liposomes (~250 nm diameter) were prepared with phospholipids that mimic the
composition of mammalian plasma membranes (i.e., 98% w/w zwitterionic POPC and 2% w/w
anionic DSPE-PEG2000). Separate samples of liposomes were incubated for 2 h with BactVue
and Anionic control dye. After centrifugation and washing, the liposome pellets were examined,
and clear differences in their capacity to interact with a lipid bilayer were observed. The liposomes
treated with BactVue exhibited a green hue (Figure S4), and when the liposomes were

resuspended in fresh buffer, fluorescence spectroscopy confirmed the presence of the BactVue
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(Figure 1F). In contrast, the pellet of liposomes treated with Anionic control dye was not colored
(Figure S4) and did not exhibit Cy7 fluorescence when resuspended. These results show that the
charge-neutral yet water-soluble BactVue can favorably interact with a lipid bilayer while the
charged dye does not. However, it is equally critical that the dye not become irreversibly trapped
in the membrane, as this would prevent its ingress into the cytosol. To that end, we showed that
the green color of BactVue-treated liposomes fades significantly after washing with pure buffer
and leaves the membrane, returning to the supernatant with each wash. This contrasts with the
bacterial staining experienced above, where the washing step did not dislodge the dye from the
bacterial surface. This indicates that BactVue enters liposomes without permanently staining the
membrane, gradually exiting during washing (Figure S4). These findings demonstrated that
BactVue is a membrane-active molecular probe, suggesting it should permeate mammalian cell

membranes and irreversibly bind to bacteria; thus, we moved to in vitro studies using cell culture.

The first set of in vitro imaging cell microscopy experiments examined human 5637 bladder
carcinoma cells infected with UTI89(GFP), which enabled unambiguous visualization of the
bacteria. The infected bladder cells were treated with gentamicin, an antibiotic that cannot
penetrate the bladder cell plasma membrane and thus only kills the extracellular bacteria.
Subsequently, the cells were washed repeatedly to ensure the complete removal of any
extracellular bacteria and bacterial debris, and the collected supernatant fractions were cultured
on CHROMagar plates, which showed no bacterial growth, thereby confirming the effectiveness
of gentamicin to kill all extracellular bacteria. The infected bladder cells were sequentially
incubated with BactVue for 2 h, washed, fixed, stained with the nuclear stain Hoechst, the cell
plasma membrane stain, wheat germ agglutinin (WGA) rhodamine, and imaged using confocal
laser scanning microscopy (CLSM). The representative micrographs in Figure 2B reflect the

outcomes of three comparative experiments. In the first row, the human bladder cells were
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Figure 2: A) Schematic illustration of the experiment workflow for staining human 5637 bladder carcinoma
cells infected with UTI89(GFP) bacteria. The 5637 bladder cells were infected with UTI89(GFP) (10
bacterial cells per human cell), treated with membrane-impermeable antibiotic gentamicin (100 ug/mL),
washed, treated with BactVue (10 uM), washed, and fixed, treated with Hoechst/WGA rhodamine, washed,
and then imaged on a confocal microscope. B) Confocal imaging: In the first row, cells were infected with
UTI89(GFP), treated with gentamicin, and then BactVue was added. In the second row, cells were infected
with UTI89(GFP) and treated with gentamicin, and BactVue was not added. In the third row, cells were not
infected but treated with gentamicin and BactVue. Hoechst (Aex=350 nm, Aem=461 nm), GFP (Aex=395 nm,
Aem=509 nm), WGA Rhodamine (Aex=570 nm, Aem=590 nm) and Cy7 (Aex=730 nm, Aem=779 nm). Scale bar
=10 um. Video in Sl (Movie 1-5)
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BactVue +
UTI89 (GFP) -

infected with UTI89(GFP), treated with gentamicin to kill extracellular bacteria, and then BactVue
was added. In this case, intracellular staining of UTI89(GFP) by BactVue was indicated by a high
Pearson colocalization coefficient of 0.72 for the GFP and Cy7 fluorescence. In the second row,
bladder cells were infected with UTI89(GFP) and treated with the membrane-impermeable

antibiotic gentamicin, but BactVue was not added, and there was no intracellular Cy7
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fluorescence. Note that some bacteria appear extracellular, though they are enveloped in a
cellular membrane—likely a phagocytic cup; thus, these bacteria are ‘intracellular.’ In the third
row, cells were not infected with bacteria but treated with gentamicin and BactVue, and no

intracellular Cy7 fluorescence was observed.

To rule out the possibility that our infection was somehow permeabilizing or destabilizing
the membrane or that we were staining bacteria on the surface of cells that were then entering
the cell, we conducted a control experiment using our Anionic control dye. A sample of human
5637 bladder cells infected with UTI89(GFP) was treated with gentamicin, followed by washing to
eliminate all extracellular bacteria. The sample was split into two identical batches, and each
batch was separately incubated with BactVue or membrane-impermeable Anionic control dye
under the same conditions for 2 h. Following incubation, any extracellular fluorescent probe was
removed through washing, and the bladder cells were lysed with 0.1% Triton X-100. The released
intracellular bacteria were collected as a pellet after centrifugation, and fluorescence microscopy
of the dispersed pellet revealed bacterial staining by BactVue but no bacterial staining by the
Anionic control dye (Figure S5). These results show that BactVue penetrates the bladder cell
membranes and stains the intracellular bacteria, while the Anionic control dye lacks this capability.
In other words, the plasma membrane of the infected bladder cells is sufficiently intact that it
prevents permeation of Anionic control dye, which has a polyanionic fluorophore; however,
BactVue permeates the plasma membrane, which has the same Zn-Oxy-DPA targeting unit but a
charge neutral fluorophore. Since the anionic control dye stains bacteria just as well as BactVue,
it also shows that membrane-bound or “free” bacteria are not being stained and subsequently
taken in by the cells. Taken together, these results show that BactVue uniquely can enter an intact

cell membrane and selectively stain the bacteria already inside the cell.
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Fluorescence imaging of UTI89 infection in living mouse bladder.

Intravesical
injection

X 0 24 h 27 h
? ..... ./ | | : » Exvivo

bladder imaging

- ‘ Inoculation Probe Sacrifice
-/ ) injection and CFU count
% 1o
10| B &
S 9 O
— of, Be ot "
10° =S s R
I
' — @ 10* gl '
in vivo ex vivo 105} % .
D) E)
L] ® £l P<0.0001 20
e EE——
Group A (Infected + BactVue) P<0.0001
—
’ - B MPI 1.5
Il CFU/mL 2.
=
Group B (BactVue only) 3
10/
E
<
Group C (Infected only) 0.5
H
255 191 128 64 O 0

Figure 3. A) Schematic illustration of the experiment workflow. B) In vivo and ex vivo fluorescence images
of a mouse bladder infected with UTI89 (50 uL of 1 x107 CFU). C) Bacterial colonies grown from bladder
homogenates (n=3) with different dilution factors. D) Ex vivo fluorescence images of three groups of mouse
bladders (n=3 for each group) that had been dosed with UTI89 (50 uL of 1 x107 CFU) or BactVue (50 yL of
50 uM). E) Quantification of fluorescence and bacteria burden in the three groups of mouse bladders in
panel D as fluorescence mean pixel intensity (MP1) or CFU/mL, respectively (n=3 for each group). Statistical
significance was determined by a One-way ANOVA.

The favorable in vitro microscopy results motivated us to pursue NIR fluorescence imaging of an
in vivo model of UTI. The experimental goal was to determine if BactVue could differentiate
between infected and non-infected cohorts. Our experimental approach is summarized in Figure

3A. Nine female BALB/c mice were divided into three groups; groups A and C received
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intravesical (directly into the bladder) administration of UTI89 bacteria (50 pL of 1 x10” CFU) via
a catheter and were allowed to incubate for 24 h, while group B remained uninfected.
Subsequently, groups A and B received intravesical doses of BactVue and all the living mice were
imaged periodically over 3 h. It is worth mentioning that BactVue is sufficiently bright to visualize
the infected bladder inside the intact animal and the ex vivo bladder (Figure 3B). After mouse
sacrifice, the bladders were extracted for ex vivo fluorescence imaging. The bacterial count within
each bladder was determined by homogenizing the bladder tissue, then by plating serially diluted
aliquots of homogenate onto CHROMagar culture plates and quantifying the CFU/mL. The
bacterial colony data in Figure S6 confirms that each mouse bladder in group A contained
essentially equal counts of UTI89 bacteria. In vivo fluorescence imaging of the mice in group B
(the non-infected group injected with BactVue) revealed a large time-dependent decrease in
bladder signal over the 3 h period, reflecting BactVue clearance from the bladder owing to
urination (Figure S7). In contrast, in vivo fluorescence imaging of the mice in group A (infected
mice injected with BactVue) exhibited a strong bladder signal that hardly changed over the 3 h
period, indicating strong binding and retention of BactVue to the UTI89 bacteria in the bladder
(Figure S7). Fluorescent images of the bladders extracted ex vivo confirmed the in vivo imaging
trend, that is, strong retention of the Cy7 fluorescence signal in the bladders of group A mice
(infected and treated with BactVue) and decreased fluorescence signal in the group B and C mice
(Figure 3D). Statistical analysis (one-way ANOVA) of the ex vivo images confirmed a significant
difference in fluorescence intensity between the infected (Group A) and non-infected (Group B)
mice (Figure 3E). Though intravesical administration of BactVue would be a clinically useful way
to identify intracellular bacteria, we further demonstrated that BactVue could target infected
bladder tissue following tail vein injection. Mice injected with BactVue clearly excreted the dye via
the urinary tract, where we observed significant fluorescence in the bladders of the infected mice,

while the non-infected mice showed minimal fluorescence (Figure S8). Collectively, the in vivo
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and ex vivo imaging results show that BactVue can identify infected bladders in a living mouse

model of UTI.
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Figure 4: Images of extracted mouse bladders. Infected mice were given intravesical injections of UTI89
bacteria (50 pL of 1 x107 CFU) and 24 hours later BactVue (50 L of a 50 yM solution) was delivered via
intravesical injection. A) Stretched mouse bladder lumen on agar bed. B) Mouse bladder stretched over a
microscope slide C) Stitched CLSM images showing fluorescence reconstruction of an entire bladder
section from an infected mouse and non-infected mouse, BactVue fluorescence colored red, and Hoechst
nuclear fluorescence colored cyan. D) Magnified CLSM images of the infected mouse bladder in panel C).
Video in Sl (Movie 6 and 7).

Supporting fluorescence microscopy evidence that BactVue selectively targeted the intracellular
UTI89 bacteria within infected bladder tissue was gathered by ex vivo analysis of the excised

bladders using CLSM. An experiment compared two cohorts of female BALB/c mice—the non-
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infected group versus the UTI89-infected group, each n=3. The infected group received an
intravesical dose of UTI89 (50 uL of 1 x10” CFU), whereas the non-infected group received an
injection of 0.9% saline. After 24 h, both groups received intravesical injections of BactVue. The
mice rested for 3 h and were allowed to drink water and urinate. The mice were sacrificed at that
time, and the bladders were extracted. The bladders were longitudinally sectioned (Figure 4A),
stretched with the luminal side facing upwards, fixed, and stained with the nuclear dye Hoechst.
The sectioned bladders were imaged using CLSM with multiple fluorescence images stitched

together to reconstruct a full-sized image. There was no Cy7 fluorescence signal in the bladders

from the non-infected group (Figure 4C bottom), indicating no retention of BactVue in the bladder
tissue. In contrast, there was strong Cy7 fluorescence in localized areas of the bladders from the
infected group (Figure 4C top), indicating retention of BactVue. This is an interesting result and
aligns with clinical reports of patients with active cystitis that the infections are not diffuse, but
seem to occur in localized areas of infection around the bladder.5”: 58 At higher magnification
(Figure 4D), the BactVue fluorescence appeared as distinctive rod-like and punctate spots, and
a stacked 3D reconstruction of the CLSM images revealed the spots were located within the
bladder cells (see Movie 6 in Sl). We conclude that BactVue selectively stains the intracellular

UTI89 bacteria in the mouse bladder epithelial tissue.
Conclusion

BactVue is the first example of a new class of molecular probes that can target intracellular UPEC
within infected bladder cells in cell culture and within a living mouse model of UTI. There is an
opportunity to develop new diagnostic methods that use near-infrared fluorescent BactVue to
visualize the location of infected bladder cells within an active UTI. It should be possible to

synthetically alter the structure of the reporter group and create molecular probes for imaging UTI
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using other modalities such as MRI or PET/SPECT.3> ®® There is also potential to develop
therapeutic approaches using the selective targeting ability of the Zn-Oxy-DPA unit.?® Light-based
therapies using appropriately modified versions of BactVue are particularly attractive since there
are already effective clinical methods to illuminate the bladder with light.®° Moreover, light-based
therapies such as photodynamic therapy have the potential to eradicate drug-resistant UPEC,
which is often a major factor in the etiology of recurring UTIs.%'- 82 We also envision new classes
of antibiotic drug conjugates that exploit the selective targeting of intracellular UPEC by the Zn-
Oxy-DPA unit. In this regard, it is worth noting that Zn-DPA conjugates of antibiotics and anticancer

drugs have been reported and found to produce promising therapeutic effects.®3-¢%
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