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ABSTRACT: In trauma and orthopedic surgery, infection of
implants has a major impact on the outcome for patients.
Infections may develop either during the initial implantation or
during the lifetime of an implant. Both infections, as well as
aseptic loosening of the implant, are reasons for revision of the
implants. Therefore, discrimination between aseptic-mechan-
ical-loosening and septic-bacterial-loosening of implants is
critical during selection of a patient-tailored treatment policy.
Specific detection and visualization of infections is a challenge
because it is difficult to discriminate infections from inflammation. An imaging tracer that facilitates bacterial identification in a
pre- and intraoperative setting may aid the workup for patients suspicious of bacterial infections. In this study we evaluated an
antimicrobial peptide conjugated to a hybrid label, which contains both a radioisotope and a fluorescent dye. After synthesis of
DTPA-CyS-UBI,,_,; and—when necessary—radiolabeling with '"'In (yield 96.3 + 2.7%), in vitro binding to various bacterial
strains was evaluated using radioactivity counting and confocal fluorescence microscopy. Intramuscular bacterial infections (S.
aureus or K. pneumoniae) were also visualized in vivo using a combined nuclear and fluorescence imaging system. The indium-111
was chosen as label as it has a well-defined coordination chemistry, and in pilot studies labeling DTPA-CyS-UBlL,y_,; with
technetium-99m, we encountered damage to the CyS dye after the reduction with SnCl,. As a reference, we used the validated
tracer **™Tc-UBLyy_y,. Fast renal excretion of ''In-DTPA-CyS-UBL,,_,, was observed. Target to nontarget (T/NT) ratios were
highest at 2 h post injection: radioactivity counting yielded T/NT ratios of 2.82 + 0.32 for S. aureus and 2.37 + 0.05 for K
pneumoniae. Comparable T/NT ratios with fluorescence imaging of 2.38 & 0.09 for S. aureus and 3.55 + 0.31 for K. pneumoniae
were calculated. Ex vivo confocal microscopy of excised infected tissues showed specific binding of the tracer to bacteria. Using a
combination of nuclear and fluorescence imaging techniques, the hybrid antimicrobial peptide conjugate DTPA-CyS-UBlLy_,
was shown to specifically accumulate in bacterial infections. This hybrid tracer may facilitate integration of noninvasive
identification of infections and their extent as well as real-time fluorescence guidance during surgical resection of infected areas.

Hybrid imaging of S. aureus infections with 1In-labeled-DTPA-Cy5-UBIyg.; in the paw muscle of mice
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B INTRODUCTION

Loosening may develop during the lifetime of orthopedic
implants (i.e, artificial joints) and can be associated with
incapacitating pain for the patient. The main reasons for these
complications are infection of the implant and aseptic loosening
as a result of wear debris periprosthetic reaction, both resulting
in implant failure." Although it is difficult to differentiate
between the two types, the origin of the implant failure is vital
during selection of the treatment.”~* An imaging technique that
facilitates both specific detection and localization of bacteria
may help refine the treatment for implant failure.

In routine clinical practice, the presence of invasive
pathogens is determined by indirect measures like radiologic
imaging and hematologic analysis, as well as by culturing of
blood samples in the case of sepsis and by culturing joint
effusion samples and tissue biopsies taken during surgery.
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Unfortunately, these techniques can yield false negative results,
which is even true for growth of microorganisms from tissue
biopsies in culture media. One of the problems is that when
taking percutaneous biopsies it is often hard to localize the
pathogens. Although DNA sequencing technologies can be
used to improve the sensitivity of detection, we believe imaging
is the best tool to noninvasively localize and diagnose bacterial
infections. Noninvasive clinical imaging by radiographs, CT,
echography, and/or MRI can only be used to detect late
morphological changes that are a result of the infection. As a
consequence, there is a need for techniques that can sensitively
detect infections in a noninvasive manner. Tracers such as
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Scheme 1. Schematic Presentation of Solid-Phase Peptide Synthesis (SPPS) of Hybrid UBL, 4, and Structure of the (A)
Fluorescent CyS Dye, (B) DTPA Chelator, and (C) UBL,_,, Antimicrobial Peptide”
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“Covalent conjugation of the hybrid label to the UBL,,, peptide (+7 at neutral pH) alters the net charge of the peptide. DTPA-CyS-UBL.,, has a

net charge at neutral pH of +3.

“’Ga-citrate, radiolabeled leukocytes, or *F-FDG can accumu-
late in sites of infection with higher sensitivity; unfortunately,
the specificity of these technologies is limited. Discrimination
between infections and sterile inflammation is especially a
challenge.>*

Only a limited number of bacteria-specific tracers for
molecular imaging modalities such as SPECT, PET, and
fluorescence imaging have been reported.”® One of these
pathogen-specific tracers is based on the synthetic antimicrobial
peptide UBLy_,;. This (positively charged) peptide targets the
(negatively charged) membranes of both Gram-positive and
Gram-negative bacteria and through this mechanism accumu-
lates in infected tissues in both animals and humans.”'® This
property makes it a solid platform for further chemical
modification. Positive results were obtained for **™Tc-
UBlLy_,; (SPECT tracer),"' %*Ga-NOTA-UBL,,_,, (PET-
tracer),'> and UBL,y_,, labeled with a near-infrared fluorescent
dye."?

The combination of preoperative noninvasive nuclear
imaging and intraoperative surgical fluorescence guidance
based on a single imaging agent was shown to be of value in
the field of surgical oncology (sentinel node procedures).14_16
Although their use, as of yet, remains confined to the preclinical
setting, a variety of peptide based hybrid imaging tracers have
also been described and our group has been involved in the
design and successful evaluation of compounds for, e.g, the
CXCR4-receptor and @, fBy-integrin.'”~
requirements in the field of infection imaging, it seems logical
to apply this hybrid-labeling technology to the UBIL,y 4
peptide. The nuclear radioisotope on the molecule can then
be used to noninvasively establish the onset of a bacterial
infection, while the fluorescent component on the molecule
allows detection of the bacteria during the intervention and
even in the resected (tissue) specimen. In clinical studies, this
“hybrid” approach was shown to be highly effective in the
imaging and surgical removal of lymph nodes in drainage
studies using **™Tc-ICG-nanocolloid.”

1 Given the clinical
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In this manuscript we describe the design, synthesis, and in
vitro and in vivo evaluation of the hybrid imaging agent '''In-
DTPA-Cy5-UBlLy_,, for specific identification of bacterial
infections.

B RESULTS

Synthesis and Labeling of the Hybrid Tracer. A new
type of hybrid label, consisting of a DTPA capable of chelating
the radioisotope '''In, and a CyS fluorescent dye (4., = 650
nm, 4., = 670 nm), was successfully synthesized (Scheme 1).
The indium-111 moiety chosen for DTPA conjugation and
labeling has a well-defined chemistry, and in pilot studies, we
encountered damage to the Cy5 dye after labeling DTPA-CyS-
UBIL,,_4; with technetium-99m reduced by SnCl,. Also, indium-
111 labeled compounds have shown efficacy in nuclear imaging,
e.g, tumor imaging with Octeotride and inflammation with
indium-111 labeled white blood cells.”!

Different from the hybrid label that was described previously
by Shao et al. and Kauil et al. (2011), this particular label was
synthesized in solution and makes use of an asymmetric rather
than a symmetric Cy5 dye.””'® On top we introduced sulfonate
groups on the indole moieties of the dye in an attempt to
minimize interaction between the dye and native proteins.'®
The UBL,_,, peptide (TGRAKRRMQYNRR) was synthesized
using standard Fmoc solid phase peptide synthesis (SPPS), and
in a last step, the hybrid label was conjugated to the N-terminus
of the UBL,y_,; peptide residing on the solid support via the C-
terminus of the hybrid scaffold. The identity of the final
product DTPA-CyS-UBlLy,_,; was confirmed by mass spec-
trometry and its purity was more than 95%, as determined by
HPLC (Supporting Information Figures S1 and S2). The
covalent conjugation of the chelating moiety (overall charge of
—1 at pH 6—7 both with and without chelated indium ions)**
and dye (charge —2) to the UBLy_, peptide (+7 at neutral
pH) changes the net charge of the peptide to +3. Radiolabeling
of the hybrid tracer with 'In yielded '''In-DTPA-Cys5-
UBlLy_4; (96.3 & 2.7% labeling efficiency). Also, we assessed
the stability of '"'In-DTPA-CyS-UBL,,_4; which showed no
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significant release of the radiolabel until 24 h after labeling.
After challenging ''In-DTPA-CyS-UBLy_,, in 50% fetal calf
serum for 24 h at 37 °C, we observed <5% release of the
radioisotope.

In Vitro Analysis. The binding capacity of DTPA-CyS-
UBLyy_4; to Gram-positive (S. aureus, S. epidermidis, and B.
subtilis) and Gram-negative (K. pneumoniae and E. coli) bacteria
was evaluated in vitro. Confocal microscopy revealed highly
similar tracer uptake in the five strains tested (Figure 1).
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Figure 1. Confocal microscopy images (at 1000X magnification)
confirming binding of ""'In-DTPA-Cy5-UBL,,_,, to (top panel) E. coli.
(bottom panel) Quantitative binding of ''In-DTPA-Cy5-UBL,_,, to
various Gram-positive and Gram-negative bacteria strains.

Binding of DTPA-CyS-UBl,,_,; appears to be associated with
the outer membrane, confirming the proposed binding
mechanism. The resolution obtained with the confocal
microscope (at 1000X magnification) is not high enough to
fully exclude internalization of the peptide. In addition to the
fluorescence experiment, binding of '"'In-DTPA-Cy5-UBLy_,,
to 2 X 10® colony forming units (CFU) of the five bacterial
strains was quantified by a gamma counting procedure that has
been described previously for *™Tc-UBL,,_,;.” This experiment
confirmed binding of the hybrid tracer to the different bacterial
strains (Figure 1).

MTT Toxicity Assay. After incubating GEB3 cells with
either DTPA-CyS-UBl,_,; or UBIL,y_4, using concentrations
ranging between 0 and 118 uM (N = 4 for each concentration),
no significant changes in the cell growth and the normalized
MTT absorbance values were observed (Supporting Informa-
tion Figure S3), indicating these amounts of UBLy_,; peptides
did not evoke toxic side effects on the growth and functionality
of these cells.

Imaging Experiments. The most important feature of the
hybrid approach that uses ''In and Cy$S as imaging labels is
that it allows both SPECT and fluorescence imaging in vivo.”*
Gram-positive S. aureus or Gram-negative K. pneumoniae were
injected in a muscle of mice, and 18 h after inoculation of the
bacteria, the mice were injected intravenously with MYy,
DTPA-CyS-UBI,y_,,. First, the ability to noninvasively identify
infections was assessed by recording a total body SPECT/CT
image. Infections with both S. aureus and K. pneumoniae were
visible at 2 h post injection (Figure 2). Between the two
bacterial strains no remarkable differences in tracer uptake
could be observed. After SPECT imaging, the mice were
imaged with the fluorescence modality of the U-SPECT-
BioFluo and the imaging system was capable of detecting the
fluorescent signal originating from the infected muscles with
the fur still in place (Figure 2). After U-SPECT-BioFluo
imaging, the mice were imaged with the IVIS Spectrum. Since
the fur caused additional attenuation of the fluorescent
emission, it was removed from the muscles to allow for more
detailed fluorescence imaging (Supporting Information Figure
S4).

In Vivo Experiments. After in vivo imaging, the mice were
sacrificed and the organs were dissected to quantify both the
radioactive and optical signals originating from various organs
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Figure 2. Typical in vivo imaging of S. aureus or K. pneumoniae infections with '"'In-DTPA-Cy5-UBLy_y, in the paw muscle in mice; images are
obtained from volume rendered reconstructions of 0.2 mm slices of a selected region of paws and thigh muscles infected with (1—2) x 107 CFU of
bacteria at 2 h after injection of the tracer. On the anterior images, infected muscles are indicated with oval shapes and the contralateral noninfected
muscles are indicated with dotted oval shapes (B,D). We included a CT scan of a mouse (C) to clarify the anatomical localization of the infected
tissues. Fluorescent imaging of '''In-DTPA-CyS5-UBLy_,, in mice with a bacterial (A,E) infection in the right paw at 2 h after injection. Imaging was
performed with an integrated radionuclide, bioluminescence, and fluorescence platform (U-SPECT-BioFluo, MILabs).
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Table 1. Biodistribution of Radiolabeled UBL,,_,; in Mice with Bacterially Infected Muscles”

n-DTPA-CyS-UBLy_y

#MT e UBLy_y

tissue S. aureus
noninfected muscle 1.6 + 0.6
infected muscle 2.8 +09
heart 24+ 12
lungs 31 +17
liver 14 £0.7
spleen 28 + 1.1
kidneys 258 £ 4.1
stomach 09 +0.7
intestines 09 £ 0.5
brain 0.04 + 0.02
activity excreted in urine (%ID) 69.3 2.0
activity excreted in feces (%ID) <0.01

+

“Data (expressed as the mean

K. pneumoniae S. aureus K. pneumoniae
13+ 04 1.0+ 02 0.6 + 0.1
2.8 £ 0.8 20+ 02 1.0 + 04
1.8 + 0.8 23+ 04 14 + 04
3.7 +23 24 + 04 1.1+ 04
1.6 + 0.8 12 £ 0.7 0.7 £ 02
29 + 1.1 4.6 + 1.3 3.6 + 13

20.1 + 3.5 9.1 + 7.8% 9.6 + 1.9%
0.8 + 0.4 03 +0.1 0.2 + 0.02
09 + 0.5 0.6 + 0.3 03+ 0.1

0.04 + 0.01 0.08 + 0.02 0.06 + 0.01

864 + 4.2%

<0.01

SEM of the percentage of the injected dose per gram tissue of at least S observations) are calculated from

radioactivity counts in various tissues (%ID/g) of various tissues at 2 h post-injection of the tracer. For both tracers, no significant differences were
found between the tissue uptake values in mice infected with either S. aureus or K. pneumoniae. * = p < 0.05 (t-test) compared to '''In-DTPA-Cys-

UBLy.4.

and tissues. Table 1 shows the biodistribution based on gamma
counting (%ID/g tissue) of '"In-DTPA-CyS-UBlLy_,, and
#mTc.UBLy_,, in bacterially infected mice at 2 h after
administration of the tracers. No significant differences were
found between mice infected with either S. aureus or K
pneumoniae. Both tracers were cleared via the renal pathway
with blood halflives of 13.4 + 5.9 min for '"'In-DTPA-Cys-
UBly_y; and 16.4 + 2.3 min for ®™Tc-UBlLyg_,;; at 2 h after
injection 69.3 + 2.1% of the injected dose was excreted with the
urine for '"'In-DTPA-CyS-UBL,y_,; and 86.4 + 8.4% for ™ Tc-
UBI,,_4; which was significantly higher (P < 0.05). However,
for "'In-DTPA-CyS-UBLy_,;, we observed a significantly
higher (P < 0.05) retention in the kidneys compared to
#mT ¢ UBLy_y; (Table 1). The biodistribution results of ''In-
DTPA-CyS-UBl,g_,, otherwise showed a similar pattern to that
of ™Tc-UBl,,_,;. It is noteworthy that, except for the spleen,
the background activity of '''In-DTPA-CyS-UBlLyy_4; in all
other tissues was slightly higher at each time point tested, but
the differences were not significant. Infected muscle to
noninfected muscle (T/NT) ratios calculated from the %ID/
g tissue were highest at 2 h post injection, namely, for '''In-
DTPA-CyS-UBLy_,; 2.8 + 0.3 for S. aureus and 2.4 + 0.1 for K.
pneumoniae (Table 2). Hence, this time interval was considered
the most ideal for imaging. Additionally, in our animal
experiments we did not observe any adverse effects as a result
of the injection of the tracers.

Ex vivo analysis of the fluorescent signal from infected and
noninfected muscles also showed the highest T/NT ratios at 2
h post injection, 2.4 + 0.1 for S. aureus and 3.6 + 0.1 for K.
pneumoniae (Table 2). Due to scattering and the attenuation
limitations of fluorescence imaging, calculating the uptake of
the tracer in various tissues as a percentage of the injected dose
(%ID) based on a fluorescent signal is not representative for
biodistribution and quantification studies.

After macroscopic fluorescence imaging of the various organs
(Table 2 and Figure S4), they were further processed for
microscopic analysis. Inspection of 1 mm slices revealed
fluorescent S. aureus and K. pneumoniae alongside the muscle
fibers (Figure 3). Higher magnification on unstained 60 ym
cryo-sections revealed fluorescent clusters within the infected
tissue only. For reference, we performed hematoxylin-eosin
(HE) and Gram staining on serial sections to depict the S.
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Table 2. Accumulation of '''In-DTPA-Cy5-UBLy,,, or
99mTc.UBl,g 4, in Bacterially Infected Muscles in Mice®

T/NT ratio
time p.i. counting S. aureus K. pneumoniae

1h Mip 1.72 + 0.10 1.99 + 0.10
R 1.78 + 0.28 1.96 + 0.23
fluorescence® 1.20 + 0.13 1.71 + 021

2h My 2.82 + 045 237 +0.19
R 3.64 + 0.60 291 + 0.58
fluorescence® 2.38 + 0.09 3.55 + 031

24 h iy 1.68 + 0.05 1.44 + 0.04
M ND ND
fluorescence” ND ND

“Data are expressed as the mean + SEM target to non-target ratio (T/
NT) calculated from radioactivity counts (%ID/g) or photons (* =
average radiance photons/s/ cm?/ sr) from entirely excised muscles at
various intervals post-injection of the tracer (n = 4). ND = not
determined. # Ratios calculated from regions of interest drawn over
the infected muscles after removing of the fur and skin on fluorescence
images (Ex = 640 nm, Em = 700 nm for 1 s). For both radioactive
tracers, no significant differences were found between the T/NT ratios
in mice infected with either S. aureus or K. pneumoniae.

aureus colonies present in infected muscles (Figure 4). Co-
localization was observed between white blood cells (HE
staining) and the presence of bacteria (Gram staining). In
control (noninfected tissue), no fluorescent signals or bacterial
clusters were observed (data not shown).

To further confirm the presence (and outgrowth) of the
bacterial infections, a part of the excised infected muscles were
homogenized and serial dilutions were cultured to determine
the number of bacteria in these tissues. Between the two
bacterial strains, a nearly 3-fold difference was calculated in
bacterial outgrowth per gram tissue of (8.0 + 4.2) X 10° CFU
for S. aureus and (2.5 + 1.0) X 10* CFU for K. pneumonia (P <
0.001), which indicates (with comparable T/NT ratios of the
tracer for both strains) a slightly better binding of the tracer to
K. pneumoniae in mice.
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S. aureus, Z-stack 50x

K. pneumoniae, Z-stack 400x

S. aureus, 630x

K. pneumoniae, 630x

Figure 3. Confocal microscopic analysis of DTPA-CyS-UBLy_,, in bacterially infected muscles. Low magnification (50X) was performed on 1-mm-
thick sections, whereas high magnification (400X or 630X) was performed on 60-ym-thick cryo sections.

B DISCUSSION

Specific targeting and imaging of infections may aid the surgeon
in clinical localization and diagnosis of persisting (orthopedic)
infections. The present study investigated the feasibility of the
hybrid imaging technology, recently introduced in the field of
oncologic imaging,1 13 for infection imaging. Our main finding
for the hybrid bacterial tracer "'In-DTPA-Cy5-UBlLy_,; was
the ability to identify a bacterial infection in vivo using both
radioactive and fluorescent imaging.

Binding of UBI,,_,, with the negatively charged outer leaflet
of bacteria is in part based on electrostatic interactions.”® The
binding of UBI,_, to bacteria is, however, significantly
reduced for a scrambled version of this peptide, suggestin%
that the amino acid sequence also plays an important role.”
Conjugation of the hybrid label to the UBI,y_,; peptide reduces
the net charge of the tracer from +7 to +3 (Scheme 1) and
introduces polarity in the molecule; one side of the tracer is
positively charged, while the side containing the hybrid label is
negatively charged. Our data suggests that this evident
alteration in the net charge of the tracer has minimal influence
on the ability of the peptide part of the tracer to target bacteria.
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In fact, it may even help reduce the amount of nonspecific
interactions that are associated with positively charged imaging
agents (e.g,, uptake in apoptotic cells, regenerating bone, and
cartilage).”**’

Earlier studies noted that alterations of UBlL_,; can cause
differences in the distribution profiles. For example, studies
with hydrazinonicotinamide (HYNIC) conjugation to UBL,y_y;
showed similar renal clearance as for directly **™Tc-labeled
UBl,y_y;, while the N,S,-conjugated *™Tc-UBL,,_,, derivative
gave hepatobiliary rather than renal excretion.*® Other studies
performed with either ®*Ga-NOTA-UBL,_,, for PET or ICG-
02-UBL,y_,; did not provide biodistribution data as the %ID/g
tissue, but from imaging reports clearance of the tracer mainly
occurred by the kidneys.'”'* In our study we found that
introduction of the DTPA-CyS moiety increased renal uptake
for the UBLy_, conjugate. As shown in Table 1 for ''In-
DTPA-CyS-UBl,g_,, the retention of activity in the kidneys
was 20.1—25.6%ID/g kidneys, but for *Tc-UBL,,_,; this was
lower (9.1-9.6%ID/g). Moreover, compared to *’™Tc-
UBLyy_y;, '"'In-DTPA-CyS-UBL_,; showed higher amounts
of radioactivity in background tissues, which indicates that the
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Overview: 1.25x

1 = muscle
2 =fat
3 =infection

Detail: 10x

Overview: 1.25x
1=muscle
2 =fat
3 =infection

Detail: 63x

Figure 4. Light microscopy of S. aureus infected muscles in mice. HE staining on serial 4 pm sections of the infected muscles was performed to
depict bacterial colonies present in these tissues. Detailed images (63X magnification) were taken from the composed overview section.

hybrid UBI peptide was cleared less efficiently from the body.
Slower clearance of '''In-DTPA-Cy5-UBLy_,; was also
emphasized by the reduced amount of radioactivity excreted
with urine (69.3 + 2.0%ID) compared to 86.4 + 4.2%ID for
#mT e UBly_y;. Most likely this is not an effect of size based
filtering as the two tracers are comparable in size. We
hypothesized that differences in glomerular filtration depend
on charge interactions between the tracers and the glomerular
basement membrane, but we could not support this with
evidence. Likely, cationic compounds such as **"Tc-UBLy_y
(+7) are more readily filtered than equally sized but less
positively charged tracers such as '"'In-DTPA-CyS-UBLy_
(+3). Despite the fast clearance of radiolabeled UBLy_,,
peptides in this and former preclinical infection imaging studies
with half-lives of about 15 min, this clearance does not prevent
the fast targeting of pathogens.>™'> Also, in clinical studies
#mTcUBlLyy_y; was rapidly excreted but still showed fast
detection of infected tissues as well, which indicates that in vivo
interaction of the tracer with pathogens is sufficient to provide
an image of the infection.

The influence of the dye is markedly different from the
hepatic clearance we previously observed for hybrid agents
functionalized with the CyAL-S.5, dye, a dye that seems to
induce interactions with proteins.'®"® This said, ideally
introduction of an imaging label should not influence the
biodistribution of the UBLyy_,; backbone at all. Nevertheless,
the data from bacterial binding experiments were in
concordance with earlier bacteria targeting studies using
9T UBLyy_,, (Table 2).” In vivo the chemical modification
of UBILy_,, and differences in clearance still allowed targeting
of bacteria with T/NT ratios (on average T/NT < 3) that are
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highly similar to that of **Tc-UBlLyy_,. This observation
suggests that in our study the placement of the hybrid imaging
moiety is positioned on the UBI,y_,; backbone where it does
not interfere with the peptide interactions with bacterial
surfaces.

Through the availability of a hybrid-UBL,_,, tracer, we have
also been able to compare the advantages and disadvantages of
fluorescence imaging. For one, due to scattering and
absorption, fluorescence imaging provides a maximum
penetration depth of 1 c¢m in tissue.>> Hence, whole body
fluorescence imaging may provide misleading results.”® Also,
determining the biodistribution as a percentage of the injected
dose/gram (%ID/g) cannot be accurately done using
fluorescence. For both these features we find the nuclear
imaging/detection technologies superior. On the other hand,
fluorescence imaging can provide detailed imaging at the
microscopic level and during surgery can provide real-time
feedback. In this respect, the advantage of a hybrid tracer that
combines the positive features of both imaging modalities is
evident. Ongoing studies with ICG-*"Tc-nanocolloid empha-
size that the hybrid approach is superior to the individual
approaches.

Regarding the safety of injecting **™Tc-labeled UBLy_,,
peptides in animals, even after repeated injections no side
effects were reported for doses up to 40 mg/kg.*> Additionally,
from at least 10 patient studies on the imaging of infection in
clinical situations such as osteomyelitis, soft tissue infections,
spondylitis, fever of unknown origin, prosthesis, and
endocarditis high sensitivities and specificities were reported.
No side effects were reported, indicating that in humans
UBLy_,, is also well tolerated.'”** However, ""'In-DTPA-Cys-
UBl,_y; is basically a different molecule. To exclude possible
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side effects of this new tracer we compared the dose—response
effect of DTPA-Cy5-UBlL,y_,, with UBILy , on a human
epithelial cell line using the 3-(4,5-dimethylthiazol-Z-syl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay.’> From
these experiments it became clear that in vitro 0.1 mM of both
peptides are well tolerated by this human cell line for 24 h at 37
°C (Supporting Information Figure S3). This dose is much
higher than what can be locally achieved after i.v. injection of
the compounds into mice due to the immediate dilution in
blood and following rapid excretion. Furthermore, during the
experiments we observed no adverse effects of injecting the
tracers.

UBl,y_y is capable of binding multiple bacterial strains and is
thereby possibly a good broad spectrum imaging agent that can
be used to indicate the presence of most bacteria; in many cases
finding and removing the infection is the main purpose of the
imaging routine. As with many other infection imaging tracers,
"In-DTPA-CyS-UBLy_y, is generic. From earlier studies with
UBLy_,;, we also know that this feptide binds bacteria
irrespective of their drug resistance.”>® It can, however, not
differentiate between pathogens; for that, other tracers will have
to be developed, e.g,, strain specific or revealing the presence of
certain proteases.” Regarding the sensetivity of this tracer, the
outgrowth of bacteria in patients depends on many factors
including the availability of nutrients and hiding from and
elimination by the host immune system. Also, the infection is
not always limited to a single lesion. From earlier studies with
#MTc-UBlLy_, imaging the effect of antimicrobial therapy
allowed visualization of the significant reduction of bacterial
numbers from 107 viable bacteria to 10° viable bacteria,*® which
makes this tracer a very sensitive one; however, this was not
assessed for ''In-DTPA-Cy5-UBLy_4;.

B CONCLUSIONS

We have synthesized and characterized a hybrid '''In-DTPA-
Cy5-UBIl,g_,;. Preclinical evaluation of this tracer emphasizes
its ability to visualize individual bacteria by microscopy in
excised tissues, as well as bacterial infections. This tracer may
facilitate integration of diagnostic nuclear imaging and real-time
fluorescence guidance during surgical interventions aimed at
removal of the infected tissue, during, e.g., treatment of infected
implants or infected native joints and bone. As such, it not only
expands the application of the UBIL,y 4 peptide, but more
importantly it may enable a higher success rate of debridement
of infected tissue in the presence of a well fixed orthopedic
implant, subsequently with no need to remove the implant, and
thus lower morbidity to the patient.

B EXPERIMENTAL PROCEDURES

General. All chemicals were obtained from commercial
sources and used without further purification. The reactions
were monitored by thin layer chromatography (TLC). High
pressure liquid chromatography (HPLC) was performed on a
Waters HPLC system (Waters Chromatography B.V., Etten-
Leur, The Netherlands) using a 152SEF pump and a 2489 UV
detector. For preparative HPLC, a Maisch Repro Sil-Pur 120
C18-AQ 10 uM (250 mm X 20 mm) column (Dr. Maisch
HPLC GmbH, Ammerbuch-Entringen, Germany) was used at a
flow rate of 12 mL/min. For semipreparative HPLC a Maisch
Repro Sil-Pur C18-AQ 10 #M (250 mm X 10 mm) column was
used (5 mL/min). For analytical HPLC a Maisch Repro Sil-Pur
C18-AQ S uM (250 mm X 4.6 mm) column was used with a
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gradient of 0.1% TFA in H,0/CH;CN 95:5 to 0.1% TFA in
H,0/CH;CN $:95 in 20 min (1 mL/min). Mass spectrometry
was performed on a Bruker microflex MALDI-TOF mass
spectrometer. NMR spectra were taken using a Bruker DPX-
300 spectrometer (300 MHz 'H NMR, 75 MHz *C NMR)
and the chemical shifts are given in ppm () relative to
tetramethylsilane (TMS). Abbreviations used include singlet
(s), doublet (d), doublet of doublets (dd), triplet (t), and
unresolved multiplet (m).

Boc-Lys(Cbz)-Abu-OBn. Boc-Lys(Cbz)-OH (7.61 g, 20
mmol) and benzyl 4-aminobutanoate p-tosylate (H-y-Abu-
OBn-p-tosylate, 7.31 g, 20 mmol) were dissolved in CH;CN
(250 mL) and DiPEA (3.40 mL, 20 mmol) was added. The
solution was cooled to 0 °C before DCC (4.33 g, 21 mmol)
was added. The mixture was stirred over the weekend at room
temperature. The suspension was filtered and the filtrate was
concentrated. EtOAc was added to the residue and the organic
phase was washed with 5% NaHCOj; solution (3X), 5% citric
acid solution (3X), and brine; dried with Na,SO,; filtered; and
concentrated. The product was purified with column
chromatography (gradient of EtOAc/hexane 1:1 to EtOAc/
hexane 2:1) yielding 5.8 g (10.4 mmol, 52%) of a yellowish oil
that slowly became solid. MS: [M + Na]* calculated 578.3,
found 578.0; [M + K]* calculated $94.4, found $94.0. 'H NMR
(CDCl,, 300 MHz) & = 1.35 (m, 2H, CH,), 1.42 (s, 9H, tBu),
148 (m, 2H, CH,), 1.56 (m, 2H, CH,), 1.81 (m, 2H, CH,),
239 (t, 2H, CH,), 3.17 (dd, 2H, CH,), 327 (dd, 2H, CH,)
4.00 (m, 1H, CH), 497 (m, 1H, NH), 5.08, 5.10 (2 s, 4H, 2
CH, benzyl), 5.19 (m, 1H, NH), 649 (m, 1H, NH), 7.34 (m,
10H, Ar). *C NMR (CDCl,, 75 MHz) & = 22.6, 24.7, 29.6,
317, 32.0, 389, 40.5 (7 CH,), 28.4 (3 CH,), 54.5 (C,), 66.5,
66.7 (2 CH, benzyl), 1282, 128.4, 128.6, 128.7 (10 CH Ar),
135.9, 136.7 (2 C Ar), 156.7 (CO Boc and Cbz), 172.3, 173.2
(2 CO).

DTPA(tBu),-Lys(Cbz)-Abu-OBn. To a solution of Boc-
Lys(Cbz)-Abu-OBn (2.78 g, S mmol) in CH,Cl, (20 mL),
H,0 (0.2 mL) and TFA (20 mL) were added, and the mixture
was stirred for 1 h at room temperature. The volatiles were
evaporated, and CH,Cl, and 5% NaHCOj solution were added.
The layers were separated and the aqueous layer was extracted
with CH,Cl,. The combined organic fractions were dried with
Na,SO,, filtered, and concentrated. The obtained oil was
dissolved in CH,Cl, (25 mL).

DTPA(tBu), (3.09 g, S mmol) and PyBOP (2.60 g, 5 mmol)
were dissolved in CH,Cl, (25 mL) and DiPEA (2.18 mL, 12.5
mmol) was added. This solution was added to the solution of
H-Lys(Cbz)-Abu-OBn in CH,Cl,. The reaction mixture was
stirred over the weekend at room temperature and then washed
with 5% NaHCO; solution and brine, dried with Na,SO,,
filtered, and concentrated. The product was purified with
column chromatography (first EtOAc/hexane 1:4 with 0.5%
TEA, then EtOAc/hexane 1:2 with 0.5% TEA, then EtOAc
with 0.5% TEA, and then EtOAc/MeOH 1:9 with 0.5% TEA),
yielding 4.6 g (4.36 mmol, 87%) of a yellow oil. MS: [M + H]*
calculated 1055.3, found 1055.9. "H NMR (CDCl,, 300 MHz)
8 = 1.43—1.56 (m, 40H, 2 CH,, 12 CH,),1.77—1.91 (m, 4H, 2
CH,), 2.37 (t, 2H, CH,), 2.58—2.64 (m, 4H, 2 CH, DTPA),
2.74—2.77 (m, 4H, 2 CH, DTPA), 3.14—3.31 (m, 6H, CH,
DTPA, 2 CH,), 3.36 (s, 8H, 4 CH, DTPA), 4.25—4.35 (m, 1H,
CH), 5.08, 5.10 (2's, 4H, 2 CH, benzyl), 5.20, 6.86, 8.32 (3 m,
3H, 3 NH), 7.29-7.35 (m, 10H, Ar).

DTPA(tBu),-Lys-Abu. To a solution of DTPA(tBu),-
Lys(Cbz)-Abu-OBn (3.5 g, 3.32 mmol) in MeOH (50 mL)
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ammonium formate (4.19 g, 66.4 mmol) and 10% Pd—C (66
mg) were added and the mixture was stirred overnight at room
temperature. The suspension was filtered over Celite and
concentrated. The residue was dissolved in EtOAc and washed
with 5% NaHCOj; solution, dried with Na,SO,, filtered, and
concentrated. The product was purified with column
chromatography (gradient of CH,Cl,/MeOH 4:1 with 0.5%
30—33% NH,; in H,0 to MeOH with 0.5% 30—33% NH; in
H,0) yielding 2.17 g (2.61 mmol, 79%) of an off-white foam.
MS: [M + H]* calculated 831.1, found 831.2.

Cy5. CyS was synthesized as described previously.””

DTPA(tBu),-Lys(Cy5)-Abu. To a solution of CyS (77 mg,
100 ymol), PyBOP (52 mg, 100 umole), and HOBt (15 mg,
100 umol) in DMF (2 mL), DiPEA (87 uL, 500 pmol) was
added and the solution was stirred for 1 h at room temperature.
DTPA(tBu),Lys-Abu was dissolved in DMSO/DMF 1:1 (2
mL) and DiPEA (35S uL, 500 umol) was added. This solution
was added to the activated CyS and the resulting mixture was
stirred overnight at room temperature. The crude mixture was
directly purified by column chromatography (gradient of
CH,Cl,/MeOH 2:1 with 1% 30—33% NH, in H,0 to
CH,CL/MeOH 1:1 with 1% 30—33% NH, in H,0). The
final purification was done using preparative HPLC with a
gradient of 0.1% TFA in H,O/CH;CN 9:1 to 0.1% TFA in
H,0/CH;CN 1:9 in 100 min (4 runs). The product was
obtained as a blue fluffy solid (32.5 mg, 20.6 umol, 21%) after
pooling of the appropriate fractions and lyophilization. MS:
[M]* calculated 1579.0, found 1578.4; [M+Na—H]" calculated
1601.0, found 1601.6.

DTPA-Cy5-UBl,g_41. UBLy_,, was synthesized using solid
phase peptide synthesis (SPPS) following standard Fmoc-
chemistry procedures on a 10 umol scale. After peptide
synthesis, the N-terminus was deprotected on resin. DTPA-
(tBu)-Lys(CyS)-Abu (17.4 mg, 11 umol) was preactivated with
PyBOP (6.3 mg, 12 umol), HOBt (1.9 mg, 12 gmol), and
DiPEA (4.2 pL, 25 pmol) in NMP (2 mL) for S min before
adding it to the resin-bound peptide. The resin was stirred
overnight, followed by thorough washing with NMP (3 times),
then DCM (3 times), and complete deprotection and cleavage
from the resin by 95% TFA, 2.5% H,0, and 2.5% TIS cleavage
cocktail. The precipitate was lyophilized to yield 21 mg of the
crude product, which was purified by reversed phase HPLC
(100 min from 95% H,O containing 0.1% TFA to 95% ACN
containing 0.1% TFA). Fractions containing the product were
pooled and lyophilized yielding 3 mg of the product as a fluffy
blue solid. Using MS, [M]* for C,,,H,sN,;0O5S," was found to
be 3026.9, calculated 3026.4. Stock solutions (1.75 mg/mL) of
the DTPA-CyS-UBLy_,; in 0.25 M ammonium acetate (pH 4)
were stored at —20 °C.

"In-DTPA-Cy5-UBl,g_4;. A volume of 10—40 uL of the
peptide solution (1.75 mg/mL in 0.25 M ammonium acetate
pH 5.5) was added to an acidic solution of ""'InCl; (25—150
uL, 370 MBq/mL, Mallinckrodt Medical, Petten, The Nether-
lands) and the mixture was gently shaken in the dark for 3 h at
37 °C. Thereafter, the pH was adjusted to 7.5 using PBS. This
preparation, further referred to as ''In-DTPA-Cy5-UBLy._y,,
had a radiochemical purity of 96.3 + 2.7% (n = S) after analysis
by instant thin layer chromatography (ITLC) on 0.5 cm X 5 cm
ITLC-SG paper strips (Agilent Technologies, Amstelveen, The
Netherlands) with 250 mM ammonium acetate pH 5.5 (Sigma-
Aldrich, St. Louis, MO) as mobile phase. As no further
purification was necessary, the preparations were ready for use.
Labeling of UBLy,_,; with *™Tc was performed as described
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before.”” Additionally, we assessed the stability of '''In-DTPA-
CyS-UBlyy_4; for 24 h after labeling using ITLC and we
challenged "'In-DTPA-CyS-UBL,,_,; in 50% (v/v) fetal bovine
serum (Gibco Fetal Bovine Serum, Life Technologies Europe
BV, Bleiswijk, The Netherlands) for 24 h at 37 °C and
determined release of the radiolabel with ITLC.

Microorganisms. Various virulent bacterial strains, either
Gram-positive or Gram-negative obtained from the American
Type Culture Collection (ATCC, Rockville, MD), namely, S.
aureus ATCC 29213, S. epidermidis ATCC 12228, K. pneumo-
niae ATCC 43861, E. coli ATCC 25922, and B. subtilis JH642,
were kindly donated by Dr. Wiep Klaas Smits (Department of
Bacteriology, LUMC, Leiden, The Netherlands). Suspensions
containing about 10° CFU stationary-phase bacteria per mL of
BHI broth were stored at —80 °C.

In Vitro Binding Assay and Confocal Microscopy.
Binding of ""'In-DTPA-CyS-UBL,y_4; to S bacterial strains was
assessed at 4 °C as described earlier.”” In short, ammonium
acetate (0.25 M, 0.05 mL, pH S.5) containing 1.0 or 1.7 ug
"In-DTPA-CyS-UBLy_,, (respectively, 3.3 X 107'° mol and
5.6 X 107 mol) or 1 ug **™Tc-UBLyy_y; (5.9 X 107'° mol) was
mixed with the incubation buffer (0.8 mL, 50% of 0.1% (v/v)
acetic acid in PBS supplemented with 0.01% (v/v) Tween-80,
Sigma-Aldrich, St. Louis, MO) and PBS (1 mL, pH $)
containing bacteria (2 X 10° CFU). After 1 h incubation the
bacteria were washed in PBS (2X) and the radioactivity in the
pellet containing bacteria and the supernatant was determined
in a dose calibrator. The radioactivity associated with bacteria
was calculated as percentage of added radiolabeled UBIL,,_,; to
bacteria (2 X 10® CFU). For microscopic imaging of
fluorescent labeling of bacteria, binding studies were performed
under similar conditions with unlabeled DTPA-CyS-UBL,g_y;.
Bacteria were fixed for 1 h at 37 °C in formalin (4%), mounted
in agarose (1%) on a microscope slide, which was covered and
sealed. The CyS fluorescence was detected with a Leica SPS
confocal microscope (Leica Microsystems B.V., Eindhoven,
The Netherlands).

MTT Toxicity Assay. To study cytotoxicity of the tracers
we determined the effect of various amounts of DTPA-CyS-
UBlL,y_4; and UBL,,_,; to human epithelial cells in a MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma-Aldrich) toxicity assay.”> For this purpose we seeded
4000 GE11-p3 epithelial cells in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich) containing 10% fetal bovine
serum (Gibco), 100 IU/mL penicillin, and 100 mg/mL
streptomycin (Invitrogen LifeSciences) per well of a trans-
parent 96-well plate (Cellstar, Greiner Bio-One, Alphen a/d
Rijn, The Netherlands) and allowed them to develop to density
between 30% and 40% for 24 h*® To determine a dose
dependency, after aspiration of the medium, cells were
incubated with 10 dilutions between 0 and 118 M of either
DTPA-CyS-UBLyy_,; or UBLygy_,; in medium (N = 4 for each
concentration). These solutions were allowed to incubate for 4
or 24 h at 37 °C. Thereafter, the cells were inspected by
microscopy and the medium was aspirated and to each well 100
uL of MTT (5 mg/mL medium) was added. For all
incubations, the maximum density was 80% at the time of
adding MTT. After incubation for 3 h at 37 °C, the supernatant
was aspirated and replaced with 100 yL of DMSO (Sigma-
Aldrich). After incubating for 15 min at 37 °C, the plate was
gently shaked and the absorbance at 545 nm of reduced MTT
was measured in a Victor’ plate reader (1420 Multilabel
Counter, PerkinElmer, Groningen The Netherlands). Values of
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MTT coloring with various amounts of peptide are expressed as
the normalized values calculated from incubations without
UBlL,y_,4; peptide.

Mouse Infection Model. All in vivo studies were
performed using 2—3-month-old Swiss mice (20-25 g,
Crl:OF1 strain, Charles River Laboratories, Erkrath, Germany).
All animal studies have been approved by the institutional
Animal Ethics Committee (DEC permit 12160) of the Leiden
University Medical Center. All mice were kept under specific
pathogen-free conditions in the animal housing facility of the
LUMC. Food and water were given ad libitum. Mice were
anaesthetized with a single intraperitoneal injection of
anesthetic (0.1 mL, 1 mg fluanisone, 0.03 mg fentanyl citrate,
Hypnorm, Janssen Pharmaceutics, Tilburg, The Netherlands).
Approximately 0.1 mL (thigh muscle) or 0.05 mL (front paw
muscle) of bacteria suspensions (4.0 X 10° CFU/mL) were
injected into the right muscles. The infections were allowed to
develop for 18 h.

U-SPECT-BioFluo Imaging of Infections in Mice. To
study the biodistribution of the tracer, mice (n = 4 for each
tracer and n = 4 for each type of bacteria) received an
intramuscular injection of 4 X 107 (thigh) or 2 X 107 (front
paw) CFU of either S. aureus or K. pneumoniae, as these two
strains show similarity in virulence and outgrowth. Eighteen
hours after inoculation, the mice were injected intravenously
with 'In-DTPA-CyS-UBLy_y; or *Tc-UBLy_,; (10 ug, 10—
20 MBq) in a tail vein and imaged at various intervals after the
injection. The animals were placed and fixed onto a dedicated
positioned bed of a three-headed U-SPECT-BioFluo*’
(MILabs, Utrecht, The Netherlands) under continuous 1—2%
isoflurane anesthesia. Radioactivity counts from total body
scans or selected regions of interest (ROI) were acquired for 30
min using a 0.6 mm mouse multipinhole collimator in list mode
data. For reconstruction from list mode data, the photopeak
energy window was centered at 171 keV with a window width
of 20%. Side windows of 5% were applied to correct for scatter
and down scatter corrections. The image was reconstructed
using 24 pixel based ordered subset expectation maximization
iterations (POSEM) with 4 subsets, 0.2 mm isotropic voxel size
and with decay and triple energy scatter correction integrated
into the reconstruction with a post filter setting of 0.25 mm.*
Volume-rendered images were generated from 2 to 4 mm slices
and analyzed using Matlab R2014a software (v 8.3.0.532,
MathWorks Natick, MA). Images were generated from
maximum intensity protocols (MIP) adjusting the color scale
threshold to optimal depiction of the infected tissues.”®
Thereafter, fluorescence imaging of infected muscles was
performed under the optical hood of the U-SPECT-BioFluo
(MILabs) imaging system under continuous 1—2% isoflurane
anesthesia. The exposure time for the fluorescence measure-
ment was 300 ms with the appropriate filters set for CyS dye as
described.”

CT Imaging of Mice. As a reference for the localization of
the infection, after imaging the mice in the U-SPECT-BioFluo
camera the animal bed was transferred to the animal
positioning bed of the microcomputed tomography (microCT)
system. CT-scans (SkyScan 1076 microCT scanner, Bruker/
Skyscan, Kontich, Belgium) using a source voltage of 40 kV and
a source current of 250 mA, with a step size of 1.3 deg over a
trajectory of 180 deg plus fan angle) were used to provide
anatomical context for the SPECT findings. Images were taken
with a frame average of 2 to reduce noise and an image pixel
size of 35 um. Reconstructions were made using NRecon
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software (SkyScan v 1.6.9.8), with a beam hardening correction
set to 26% and a ring artifact correction set to S. Images were
analyzed using CTvox software (Bruker microCT v 2.7.0 r990,
64 bt).

Fluorescent Imaging of Infections in Mice. Fluores-
cence imaging of infected muscles was performed using the
IVIS Spectrum (Caliper Life Science, Hopkinton, MA) imaging
system under continuous 1—2% isoflurane anesthesia. Images
of areas containing the infected muscles after removing the fur
and skin were acquired following excitation at 640 nm, and light
was collected between >700 nm (acquisition time 1 or 2s). To
deal with the high amounts of tracer in the kidneys and urinary
bladder during imaging, signals from these organs were masked
with black paper. Data analysis of the IVIS Spectrum data was
performed using the Living Image software from xenogeny v 3.2
(Caliper LS). Multiple regions of interest (ROI) were drawn in
the infected muscles (target, T) and in adjacent noninfected
muscles (nontarget, NT); these values were divided to calculate
T/NT ratios. Thereafter, the animals were euthanized by
intraperitoneal injection of Euthasol (0.25 mL, 200 mg/mL
pentobarbital sodium, Euthasol; AST Pharma, Oudewater, The
Netherlands) and various organs were removed and imaged
with the IVIS Spectrum as described above.

Biodistribution Studies. To study the biodistribution of
the hybrid tracer, animals were injected intravenously (tail vein)
with 'In-DTPA-CyS-UBL,y_4; or *Tc-UBLy_,; (10 ug, 10—
20 MBq). The total injected dose (ID) in each mouse was
determined by counting the full and empty syringes in a dose-
calibrator (VDC101, Veenstra Instruments, Joure, The Nether-
lands). At various intervals postinjection of the tracer, the mice
were euthanized with Euthasol (0.25 mL). To determine the
biodistribution of the tracer, organs were collected from mice at
2 h post injection and counted for radioactivity (Wizard2 2470
automatic gamma scintillation counter, PerkinElmer). Besides
the mice for the biodistribution studies, extra animals were
infected in the paw and thigh muscles to acquire time-
dependent accumulation ex vivo data of the tracer 1, 2, and 24
h after injection. For both tracers, at various intervals after
injection we collected blood samples of S yL from a tail vein to
determine the blood half-life. After collecting and counting all
tissues, excreted urine and feces together with the remaining
activity in the entire carcass was counted to determine the total
radioactivity still present in the animal and, after correction for
decay, the excretion was expressed as the percentage of the total
injected dose (n = 4 mice for each tracer and bacterial strain).
After decay correction, radioactivity counts in tissues were
expressed as the percentage of the total injected dose of
radioactivity per gram (%ID/g). Next, organs were imaged in
the IVIS Spectrum imager to visualize the fluorescence.

Histology, Light, and Fluorescence Confocal Micros-
copy. After ex vivo fluorescent imaging, 1 mm slices were
taken from the middle region of the resected muscles using an
Alto Acrylic 1 mm tissue slicing matrice (CellPoint Scientific,
Gaithersburg, MD). These slides were applied on a microscopic
slide for fluorescence confocal laser scanning microscopy. Half
of the slices was frozen in liquid nitrogen and the other half was
fixed overnight in 4% formalin and embedded in paraffin
blocks. Tissues were sliced at 10 y#m adjacent from the 1 mm
intersection for cryosections and stored at —20 °C or cut at 6
pum thickness for paraffin sections from the other intersection of
the muscle. Cryosections were defrosted and imaged using a
confocal fluorescent microscope (Leica TCS SPII AOBS) at
various magnifications. Images were acquired following
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excitation at 633 nm and emission was collected from 650 to
750 nm. Images were further analyzed using Leica Confocal
Software. Histologic sections were stained with standard
hematoxylin—eosin (HE) stain or Gram staining for location
of bacteria.

After counting for radioactivity and fluorescence, part of the
excised infected muscles was homogenized and serial dilutions
were cultured on BHI agar plates to determine the number of
bacteria in these tissues.

Statistical Analysis. Analytical data were expressed as
mean and standard error of the mean (+SEM) as calculated
using Microsoft Excel software. In this study, significance of two
mean values was calculated by Student-t test. The level of
significance was set at p < 0.0S.
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