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ARTICLE INFO ABSTRACT

Keywords: Innate defense regulators (IDRs) are synthetic host-defense peptides (HDPs) with broad-spectrum anti-infective
Pharmacokinetics properties, including immunomodulatory, anti-biofilm and direct antimicrobial activities. A lack of pharmaco-
SPECT/CT kinetic data about these peptides hinders their development and makes it challenging to fully understand how
Isotope . they work in vivo since their mechanism of action is dependent on tissue concentrations of the peptide. Here, we
Nuclear imaging .. . i .

Radiotracer set out to define in detail the pharmacokinetics of a well-characterized IDR molecule, IDR-1018. To make the

peptide traceable, it was radiolabeled with the long-lived gamma-emitting isotope gallium-67. After a series of
bench-top characterizations, the radiotracer was administered to healthy mice intravenously (IV) or subcuta-
neously (SQ) at various dose levels (2.5-13 mg/kg). Nuclear imaging and ex-vivo biodistributions were used to
quantify organ and tissue uptake of the radiotracer over time. When administered as an IV bolus, the distribution
profile of the radiotracer changed as the dose was escalated. At 2.5 mg/kg, the peptide was well-tolerated, poorly
circulated in the blood and was cleared predominantly by the reticuloendothelial system. Higher doses (7 and 13
mg/kg) as an IV bolus were almost immediately lethal due to respiratory arrest; significant lung uptake of the
radiotracer was observed from nuclear scans of these animals, and histological examination found extensive
damage to the pulmonary vasculature and alveoli. When administered SQ at a dose of 3 mg/kg, radiolabeled IDR-
1018 was rapidly absorbed from the site of injection and predominately cleared renally. Apart from the SQ
injection site, no other tissue had a concentration above the minimum inhibitory concentration that would
enable this peptide to exert direct antimicrobial effects against most pathogenic bacteria. Tissue concentrations
were sufficient, however, to disrupt microbial biofilms and alter the host immune response. Overall, this study
demonstrated that the administration of synthetic IDR peptide in vivo is best suited to local administration which
avoids some of the issues associated with peptide toxicity that are observed when administered systemically by
IV injection, an issue that will have to be addressed through formulation.

Host defence peptide

1. Introduction immunomodulatory properties [3]. Some of these synthetic versions of
HDPs have been termed innate defense regulators (IDRs), with IDR-1018
being one of the more promising and well-characterized compounds [4].

IDR-1018 (VRLIVAVRIWRR-NH)) is loosely based on the sequence of

Host defense peptides (HDPs) are short (~12-50 amino acid resi-
dues), amphipathic, cationic peptides with diverse activity ranging from

antimicrobial and anti-biofilm to immune modulation. HDPs are pro-
duced by various cells and tissues in all complex life forms and function
as a fundamental component of the innate immune system [1,2]. Over
the last couple of decades, there has been a concerted effort to modify
naturally occurring HDPs into synthetic peptides with enhanced
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Bac2a (RLARIVVIRVAR-NH>) which itself represents the linearized form
of the natural bovine HDP bactenecin in which the two disulphide
forming Cys residues have been replaced by Ala residues [4]. IDR-1018
was selected from a library of Bac2a derivatives due to its enhanced
ability to induce chemokine expression, such as MCP-1, from human
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peripheral blood mononuclear cells (PBMCs) [5]. Further in vitro studies
using human neutrophils found that IDR-1018 i) suppressed the LPS-
mediated production of reactive oxygen species (ROS) and proin-
flammatory cytokines like TNF-a, ii) promoted the release of the
endogenous HDP LL-37 from neutrophil granules and iii) enhanced
neutrophil adhesion to endothelial cells and promotes cell migration
[6]. IDR-1018 also influenced macrophage polarization to an unusual
phenotype between that of classically activated (M1) and alternatively
activated (M2) cells [7]. Beyond these immunomodulatory functions,
IDR-1018 was found to be capable of eliminating biofilms of both Gram-
positive and Gram-negative bacteria at concentrations far below its
minimum inhibitory concentration against planktonic cells (<1 pg/mL
ant-biofilm cf. >32 pg/mL antimicrobial activity) [5,8]. These immu-
nomodulatory and antibiofilm properties of IDR-1018 have made it an
attractive lead molecule to be further developed as a novel anti-infective
to treat biofilm-associated infections as well as various inflammatory
disorders.

In vivo studies with IDR-1018 have shown that the peptide can
reduce inflammation-induced tissue damage in murine cerebral hypo-
xia-ischemia [9], cerebral malaria [10], and pulmonary tuberculosis
[11] models. In murine models of Staphylococcus aureus orthopedic
implant infections, IDR-1018 protected against failure of implants to
osseointegrate and reduced overall inflammation [12]. IDR-1018 also
promoted healing in porcine and murine S. aureus-infected wounds [13],
as well as in various in vitro human wound models [14-16]. On its own,
IDR-1018 has been used as an effective antimicrobial against Pseudo-
monas aeruginosa in a high-density murine cutaneous abscess model
[17]. When used in conjunction with conventional antibiotics, IDR-1018
showed strong synergistic effects against cutaneous abscesses of
different ESKAPE pathogens via interaction with the stringent response
signaling molecule guanosine pentaphosphate (ppGpp) [17-19]. IDR-
1018 further inhibits swarming motility of P. aeruginosa, a behavior
that contributes to pathogen dissemination throughout the body
[20,21].

Although there is a considerable amount of work around the mech-
anism and therapeutic potential of IDR-1018, little is known about its
pharmacokinetics, or indeed that of any HDP. Bolouri et al. [9] con-
ducted preliminary studies on the topic using a tritiated (®H) version of
IDR-1018. When injected intravenously (IV) as a 2 mg/kg bolus, >H-IDR-
1018 was rapidly cleared from the blood with a distribution half-life of
about 1 min. Blood levels soon plateaued at ~2 ug/mL until the end of
the study at 4 h post-injection. Additionally, >H-IDR-1018 was found in
high levels in the liver and spleen, both organs of the reticuloendothelial
system (RES), at all time points and modest uptake into the brain was
observed [9]. However, it should be noted that observations beyond 4 h
and in organs other than the blood, brain, liver and spleen were not
performed.

Less is known about the pharmacokinetics of extravascular IDR-
1018, despite this being a commonly used route of administration for
this peptide in various in vivo studies [9-13,17-20]. Haney et al. recently
explored the behaviour of IDR-1018 when administered subcutaneously
(SQ) into healthy mice [22]. The peptide precipitated upon subcutane-
ous injection in the skin and precipitates were visible to the naked eye at
high doses when the injection site was excised [22]. The tendency for
IDR-1018 to aggregate is largely due to the interactions with ions in
solution and this phenomenon was found to follow the Hofmeister series
of ions, with large anions having more of an influence overall [23].
Various formulations were assessed to prevent this aggregation ten-
dency, with carboxylate-containing hyperbranched polyglycerol nano-
particles proving particularly effective [22,23]. Besides visual
observation for signs of precipitation, no other pharmacokinetic-like
assessments were made.

A lack of detailed pharmacokinetic data presents a hurdle in the
clinical translation of IDR-1018 and other synthetic derivatives of nat-
ural HDPs [24]. Without knowing how a drug is adsorbed, distributed,
metabolized and excreted, it is difficult to fully understand its
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mechanism, safety and efficacy profile. In this study, we set out to better
define the pharmacokinetics of IDR-1018 in healthy mice using a
gamma-emitting variant of the peptide together with nuclear tracing
techniques. Single photon emission computed tomography coupled with
X-ray computed tomography (SPECT/CT) was used to provide non-
invasive and fully quantitative molecular data for the radiotracer
labeled peptide along with detailed anatomical information. SPECT/CT
scans were acquired at various IDR-1018 dose levels (2.5-13 mg/kg)
using two different routes of administration (IV and SQ). Bio-
distributions were also performed where selected organs and tissues
were removed and the radioactivity measured directly with a gamma
counter. A concentration-dependent pharmacokinetic and toxicity pro-
file was observed with the IDR-1018 radiotracer. Finally, histology was
performed on selected organs to better understand the nature of the
toxicity.

2. Results
2.1. Preparation and characterization of the IDR-1018 radiotracer

The radiotracer used in this study consists of the IDR-1018 peptide
conjugated to the macrocyclic chelator 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA), the latter of which can coordinate Gallium-67.
Due to its relatively long half-life of 78.3 h, Ga-67 permits imaging
over multiple days. The advantage of using NOTA-Ga for radiolabeling is
that no harsh conditions, such as low pH or high temperatures are
required. Also the resulting metal complex is neutral and has excellent in
vivo stability (pM = 27.9) [25].

To prepare %7Ga-NOTA-IDR-1018, an isothiocyanate derivative of
NOTA was reacted with the N-terminus amine of IDR-1018 overnight in
a mildly basic NaHCOj3 buffer [26]. The resulting thiourea linkage be-
tween the chelator and peptide has well-documented stability for
downstream radiolabeling reactions and in vivo studies [26-29]. The
crude reaction product was passed through a silica-gel cartridge, which
captured NOTA-IDR-1018. Unreacted chelator was removed using water
washes, and the modified IDR was eluted from the column using 0.01 M
HClI (Fig. S1). Most of the peptide (62.7 + 7.7%) eluted in the 2nd 5 31
acidic fractions, which were then pooled and used for downstream
radiolabeling reactions. For the specific batch used to perform the in vivo
work, 71.7% of the peptide was recovered in the aforementioned frac-
tions. Radiolabeling was accomplished by incubating NOTA-IDR-1018
with ~25 MBq of %”GaCls in 0.1 M HCl under mildly acidic conditions.

Radiochemical conversion (RCC), the fraction of the added %7Ga that
bound to NOTA-IDR-1018, was determined using instant thin-layer
chromatography (ITLCs) [30]. In the ITLC system, the free radiometal
Ga3* forms a charged complex with ethylenediaminetetraacetic acid
(EDTA) in the mobile phase and migrates to the top of the strip (Rf = 1),
while the wanted radiometal bound to NOTA-IDR-1018 remains at the
origin (Rf = 0), indicating excellent binding of the radioactive %”Ga to
the peptide (Fig. 1b). RCC was consistently >95% across multiple
radiolabeling attempts, and specifically 98.5% for the batch used to
perform the SPECT/CT imaging. The radiotracer was further charac-
terized using sodium dodecyl sulfate polyacrylamide electrophoresis
(SDS-PAGE) where we found that ’Ga-NOTA-IDR-1018 migrated to a
similar, yet slightly higher position than IDR-1018 in the gel (Fig. 1c).
This slight shift is expected given that the ®’Ga-NOTA modification
increased the molecular weight of the peptide from 1.5 kDa to 2.2 kDa.
The peptide and radioactive signals from %”Ga-NOTA-IDR-1018 co-
localized to the same location in the gel, suggestive of an intact and
stable radiotracer.

Due to the high RCC and inert composition of the labeling medium
(dilute HCI in water), no further purification was performed on the
radiotracer before moving in vivo. Instead, the pH and osmolality of the
solution were adjusted with concentrated solutions of NaOH and NaCl,
respectively, and combined with an appropriate amount of unmodified
peptide to reach the desired dose level.
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2.2. Pharmacokinetics of low-dose intravenous and subcutaneous % Ga-
NOTA-IDR-1018

Healthy mice (n = 3 per group) were injected with ®’Ga-NOTA-IDR-
1018 as a 2.5 mg/kg IV bolus into the tail vein or a 3 mg/kg SQ injection
into the dorsal surface. A series of SPECT/CT scans were then acquired
for each mouse over a 48-h period. Imaging data is presented visually as
representative top-view maximume-intensity projection (MIP) renderings
over time of the fused SPECT and CT datasets. Quantitative time-activity
curves of the SPECT dataset are provided for selected organs and tissues.
Activity concentrations (AC) were reported as mean standardized up-
take values (SUVpean, g/mL), which was the average activity per unit
volume within a particular site normalized to the injected radioactive
dose and body weight of the animal [31]. Quantitative SPECT results are
at times transformed into different units for clarity, such as percentage
of the injected radioactive dose per organ (% ID/organ) or per gram (%
ID/g), and the peptide concentration per unit volume (i.e., pg/g). Re-
sults for the ex vivo biodistribution performed on the animals following
the final SPECT/CT scan are presented as % ID/organ and % ID/g.

After an IV bolus (2.5 mg/kg), a proportion of the dose was visible in
the blood pool, namely the ventricles of the heart and carotid arteries,
between 0.1 and 7 h post-injection (Fig. 2). Uptake into the lung tissue
was also evident at early time points, along with elimination of % Ga-
NOTA-IDR-1018 via the urine and feces. Pronounced uptake into the
liver and spleen was observed in all scans. Accumulation of °’Ga-NOTA-
IDR-1018 into different regions of the skeleton, such as the vertebrae
and certain joints, was evident after the 2 h scan.

Time-activity curves for the mice administered a low-dose IV bolus of
7Ga-NOTA-IDR-1018 are shown in Fig. 3. ’Ga-NOTA-IDR-1018 was
found in the lung tissue at a concentration of 25.12 + 2.58 pg/g (Ac-
tivity Concentration [AC] = 2.89 £ 0.19 g/mL; 48.10 £+ 4.37% of the
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Fig. 1. Preparation of %’Ga-NOTA-IDR-1018.
(a) Structural overview of the IDR-1018-based
radiotracer. (b) ITLC analysis of the radio-
labeling reaction showed <1% of the radiometal
was not bound to NOTA-IDR-1018, which is
found almost entirely at Rf = 0 (black line). Free
gallium-67 binds EDTA in the eluant and mi-
grates to the top at Rf = 1 (red line; control). DLU:
digital light units (c) SDS-PAGE analysis of *”Ga-
NOTA-IDR-1018. The radiolabelled and unmodi-
fied peptide showed a similar molecular weight.
The peptide signal (greyscale; third lane) aligned
with the radioactive signal (heatmap; fourth lane)
in the gel. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)

67Ga-NOTA-
IDR-1018

initial dose [ID]/g) at 0.1 h post-injection (Fig. 3a); just over 8% of the
injected dose was within the lungs at this time. The blood contained
23.22% of the injected dose at 0.1 h post-injection, with an concentra-
tion of 9.09 + 1.43 pg/mL (AC = 4.02 + 0.53 g/mL; 16.47 + 2.49% ID/
g. Concentrations of Ga-NOTA-IDR-1018 in the blood fell rapidly after
injection, with a distribution-phase half-life (t;/2,) of just under 0.1 h.
Between 2 and 7 h post-injection, however, blood concentrations of the
radiotracer were largely sustained at ~4 pg/mL (AC = ~2 g/mL; ~8%
ID/g). The area under the curve (AUCy.,) was 83.15 £ 2.71 pg/(mLeh)
and the mean residence time (MRT(.,) was 10.23 + 1.94 h.

A whole-body time-activity analysis found that the elimination of
low-dose IV %7 Ga-NOTA-IDR-1018 from mice followed two-phase decay
kinetics (i.e., the sum of a slow and fast decay process). The half-life of
the fast decay process was 2.6 h while the slow half-life was 155 h. At 48
h post-injection, only 58.13 + 2.59% of the injected dose remained
(Fig. 3f).

Low-dose IV %7Ga-NOTA-IDR-1018 was cleared from the blood
hepatically, splenically and renally (Fig. 3b and 3c). Activity concen-
trations in the liver were 2.49 + 0.52 g/mL a few minutes following
administration, peaked at 2 h post-injection at 10.74 + 0.93 pg/g (AC =
5.05 + 0.44 g/mL; 20.58 + 1.78% ID/g), and gradually decreased
thereafter. The liver contained 23.13 + 2.42% of the injected dose at its
peak, and only ~10% of the injected dose at the initial and final scans.
The distribution of ®’Ga-NOTA-IDR-1018 into the spleen followed a
similar pattern to that of the liver; activity concentrations peaked at 2 h
post-injection at 10.45 + 1.27 pg/g (AC = 4.93 + 0.82 g/mL; 20.04 +
2.66% ID/g), gradually decreasing to just over 3 g/mL by the end of the
study. The proportion of the dose in the spleen was quite small with only
~1% of the injected dose at all time points. Renal clearance was evident
by the presence of ’Ga-NOTA-IDR-1018 in both the kidneys and urine.
Activity concentrations in both sites peaked at 0.1 h post injection, with
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Fig. 2. Representative SPECT/CT renderings of IV Ga-NOTA-IDR-1018 at 2.5 mg/kg. Renderings are shown from a single animal over a 48-h period. ®’Ga-
NOTA-IDR-1018 was observed in the blood, lung tissue and excretory pathways in early scans. Prominent uptake was also evident in the liver, spleen and certain
regions of the skeletal system over time. SPECT in blue tones, CT in greyscale. C, carotid artery; F, feces; H, heart (blood pool); K, knee region; Li, liver; Lu, lung; S,
shoulder region; Sp, spleen; U, urine; V, vertebrae. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

5.76 + 0.59 pg/g (AC = 2.69 + 0.35 g/mL; 11.05 + 1.22% ID/g) in the
kidney and 12.13 + 1.88 pg/mL (AC = 5.36 + 0.60 g/mL;22.53 +
3.21% ID/g) in the urine. The urine contained between 1% and 2.5% of
the injected dose up to the 7 h post-injection scan, deceasing substan-
tially thereafter.

The distribution profile of %Ga-NOTA-IDR-1018 into the skeletal
system, when administered as a 2.5 mg/kg IV bolus, was rather variable
(Fig. 3d). Prominent uptake was observed in the knee and shoulder,
regions composed of a complex mixture of cartilage, ligaments/ tendons,
and the epiphyseal aspects of long bones. Uptake into the knee region
peaked at 7 h post-injection at 4.87 + 0.49 g/mL. Peptide concentra-
tions within the knee ranged between 6 and 8 ug/g from 2 to 48 h post-
injection. The distribution of ’Ga-NOTA-IDR-1018 to the shoulder re-
gion closely mirrored that of the knee, albeit at slightly lower concen-
tration. Uptake of ©’Ga-NOTA-IDR-1018 into the diaphysis of a long
bone (shaft of the femur) and vertebrae peaked later at 24 h post-
injection with ACs of 0.83 & 0.41 and 2.38 + 0.35 g/mL at 0.1 and 24
hr, respectively.

57Ga-NOTA-IDR-1018 poorly distributed to the brain as a low-dose
IV bolus, with a concentration of 0.61 + 0.17 ng/g (AC = 0.28 +
0.081 g/mL;1.16 + 0.33% ID/g) at 0.1 h post injection (Fig. 3e).
Approximately 0.5% of the injected dose was found in the brain at the
first scan but remained <0.1% ID/organ for the remainder of the study.

Representative SPECT/CT renderings for the SQ 7Ga-NOTA-IDR-
1018 group are shown in Fig. 4. Notably, only the injection site is readily
visible at all time points over the course of the experiment. Quantitative
image analysis of the injection site (Fig. 5) found that ’Ga-NOTA-IDR-
1018 was rapidly absorbed from the SQ tissue and followed two-phase
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exponential decay kinetics — a fast half-life of 1.8 h and a slow half-
life of 50 h. This might be due fast drainage of most of the radio-
labeled peptide into the vascular system, with just a small percentage
interacting with some local cells and/or proteins. After interaction, the
peptide left the injection site much slower, with the slow half-life. Only
~5% of the injected dose remained at the injection site at 48 h. The
average concentration of ’Ga-NOTA-IDR-1018 at the injection site was
241.03 £ 56.08 pug/g (AC = 73.10 £+ 17.90 g/ml;356.11 + 89.19% ID/
g) shortly after injection. The tissue concentration of ’Ga-NOTA-IDR-
1018 within the hottest voxel in the injection site at 0.1 h was 4.97 +
1.55 mg/g. Activity concentrations at the site of injection were relatively
stable between 4 and 48 h post-injection at around 50 pg/g (AC = ~15
g/mL; ~75% ID/g). The size of the injection site remained rather steady
between 0.1 and 4 h post-injection (~0.3 mL) but decreased to a quarter
of its original size by 48 h post-injection.

Quantitative analysis of the SQ 67Ga-NOTA-IDR-1018 SPECT dataset
(Fig. 6) revealed modest uptake of the radiotracer into various organs
besides the injection site, although this was difficult to visualize from the
SPECT/CT renderings. Concentrations of ®’Ga-NOTA-IDR-1018 were
negligible at all assessed sites at 0.1 h post-injection. Peak concentra-
tions at most sites were achieved at 4 h post-injection, which was in line
with the fast initial phase of absorption of 5Ga-NOTA-IDR-1018 from
the injection site. At the 4 h scan, a maximum blood concentration of
0.90 pg/mL (AC = 1.27 £+ 0.27 g/mL; 5.39 £+ 1.09% ID/g) was observed,
indicating approximately 7% of the injected dose was within the blood
pool (Fig. 6a). Pharmacokinetic modeling of the blood data revealed that
the AUCy., was 80.82 + 15.18 pg/(mLeh) and the MRT.,, was 17.94 +
2.69 h. Lung uptake was far less pronounced than observed with IV *’Ga-
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Fig. 3. Time-activity curves for the 2.5 mg/kg IV ®’Ga-NOTA-IDR-1018 SPECT dataset.(a-d) Analysis for select organ systems, in units of SUV nean. Temporary
lung uptake was observed at early scan times, along with sustained blood concentrations of ®’Ga-NOTA-IDR-1018. Uptake of the radiotracer by the liver and spleen,
along with renal clearance of the peptide was also evident. ®’Ga-NOTA-IDR-1018 gradually accumulated in bony tissues, and poorly distributed to the brain. (f)
Whole animal analysis, fit with two-phase decay kinetics. Approximately 40% of the injected dose had been eliminated by the time of sacrifice. Some error bars may

not be visible behind plot symbols. n = 3 animals.

NOTA-IDR-1018; concentrations of the radiotracer were negligible at
0.1 and 48 h post-injection but remained around 3.5 ug/g (AC = ~0.3 g/
mL; ~5% ID/g) between 4 and 21 h (Fig. 6a). Maximum uptake of %7Ga-
NOTA-IDR-1018 into the liver and spleen occurred at 21 h post-injection
at 2.94 + 0.37 pg/g (AC = 1.02 + 0.13 g/mL; 4.33 + 0.58% ID/g) and
2.21 + 0.48 pg/g (AC = 0.77 + 0.18 g/mlL; 3.28 =+ 0.81% ID/g),
respectively (Fig. 6b). Approximately 5% of the injected dose was within
the liver tissue at its peak, decreasing to just under 4% ID at the end of
the study. The spleen contained only ~0.1% of the injected dose be-
tween 4 and 48 h post-injection. The activity concentration in the kid-
neys remained at around 2.5 pg/g (AC = ~1 g/mL; ~4% ID/g) from the
4 h scan onward (Fig. 6¢). Peak urine concentrations of 67Ga-NOTA-IDR-
1018 were also observed at 4 h post-injection at 2.22 + 0.16 g/mL; the
peptide concentration at this time was approximately 7 ug/mL and
comprised about 2.5% of the injected dose. The AC within the skeletal
system largely peaked at 21 h post-injection at ~0.8 g/mL in the
diaphysis of the femur, ~2.8 g/mL in the vertebrae and between 3 and
3.5 g/mL in the knee and shoulder regions (Fig. 6d). Activity levels in
the brain were always <0.25 g/mL (Fig. 6e). Whole-body analysis found
that Ga-NOTA-IDR-1018 was eliminated from the body following 2
phase decay kinetics with a fast initial half-life of 1.5 h followed by a
slow half-life of 88.6 h (Fig. 6f). Only approximately 50% of the injected
dose remained in the animals at the end of the SPECT/CT imaging series.

Results from the biodistribution, assessed ex vivo, at 48 h post-
injection are shown in Fig. 7 and Table S1 for both the SQ and IV
groups. Putting aside a slight difference in the dose administered to each
of the groups (2.5 vs. 3 mg/kg), a similar distribution pattern was
observed upon dissection for both routes of administration. The bones in
both groups contained ~10% of the injected dose (tissue concentration
of 7Ga-NOTA-IDR-1018 ~6% of the injected dose/g). The muscle of the
IV and SQ groups contained approximately 3% of the injected dose
despite a relatively low tissue concentration of around 0.3% of the
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injected dose/g. Only a small amount of ’Ga-NOTA-IDR-1018 remained
in the blood for both injection routes (~0.4% ID/g, ~0.5%/organ). After
removing the blood, the heart tissue contained a small residual con-
centration of ’Ga-NOTA-IDR-1018 at 0.5% ID/g. However, the heart
along with the brain and lymph nodes contained a negligible proportion
of the injected dose. The concentration of radiotracer in the lymph nodes
was elevated compared to most tissues at 5.18 + 1.05% ID/g for the SQ
group and 2.35 + 2.37% ID/g for the IV group. There was a trend,
although not statistically significant, for higher lymphatic uptake in the
SQ group, potentially because this measurement used the inguinal
lymph nodes that (partly) drained the SQ injection site. A similar degree
of uptake was observed in the kidneys at ~4% ID/g and ~1.3% ID/
organ for both routes of administration. There was a trend towards a
higher activity concentration of ’ Ga-NOTA-IDR-1018 in the urine of the
SQ animals (2.31 + 0.38 vs. 1.39 + 0.48% ID/g, likely due to ongoing
absorption (and then renal clearance) of the remaining dose from the
injection site. Approximately 3% ID/g was observed in the feces in both
groups, along with similar amounts and concentrations of ’Ga-NOTA-
IDR-1018 in the organs of the gastrointestinal tract after the luminal
contents were removed.

Despite the above similarities in the ex vivo biodistribution, there
were a couple of organs where the distribution of ®’Ga-NOTA-IDR-1018
differed significantly. The liver of the 2.5 mg/kg IV bolus animals con-
tained a much higher proportion of the total injected dose (10.10 +
0.68% vs. 4.31 + 0.26% of the injected dose/organ) and a higher ac-
tivity concentration (8.99 + 0.41% vs. 3.66 + 0.42% of the injected
dose/g) than the 3 mg/kg SQ group. The same was observed in the
spleen, with 14.22 + 1.49% ID/g and 0.77 + 0.10%/organ for the IV
bolus group and 2.60 + 0.20% ID/g and 0.14 + 0.014%/organ for the
SQ group.

The biodistribution values closely matched those calculated from the
final SPECT/CT scan acquired at about the same time, adding an
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Fig. 4. SPECT/CT renderings of 3 mg/kg SQ
%7Ga-NOTA-IDR-1018. Representative render-
ings are shown from a single animal over a 48-h
period. Only the injection site (IS) is visible due

385 to the high concentration of %’Ga-NOTA-IDR-
1018 at that site in relation to other organs/ tis-
sues. SPECT in blue tones, CT in greyscale. NB:
the injection site appears to move, but this was
due to the position of the mouse between SPECT/
p CT scans and the tape used to secure the animals,
which stretched the skin in the holder. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
1S :|E\ version of this article.)
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Fig. 5. Quantitative analysis of the 3 mg/kg SQ ®’Ga-NOTA-IDR-1018 injection site. (a) Percentage of the injected dose remaining at the site of injection over
time, fit using a 2-phase exponential decay kinetics. (b) Average concentration of %7Ga-NOTA-IDR-1018 at the site of injection, in units of SUVean and fit using a 2-
phase exponential decay kinetics. (c) Change in the volume of the injection site over time. The proportion of the injected dose and concentration of radiotracer fell
rapidly during the first few hours at the site of injection, and largely plateaued from the 4 h timepoint onward. Some error bars may not be visible behind plot

symbols. n = 3.

additional degree of confidence in the results obtained in this study.

2.3. Pharmacokinetics of high-dose intravenous 5”Ga-NOTA-IDR-1018

Healthy mice were administered IV boluses of ® Ga-NOTA-IDR-1018
at 7 and 13 mg/kg (n = 1/ group) and imaged with SPECT/CT to
determine if the dose level influenced the pharmacokinetics of the
peptide.

Compared to the 2.5 mg/kg IV group discussed above, higher doses
of Ga-NOTA-IDR-1018 were poorly tolerated. The animal adminis-
tered the 7 mg/kg dose died within ~5 min of injection while on the
SPECT/CT scanner. The 13 mg/kg dose caused death very quickly,
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within seconds, and the mouse was subsequently scanned after its
decease. In both cases, the mice exhibited signs of severe respiratory
distress (i.e., labored breathing/gasping) and appear to have died from
respiratory arrest.

Representative SPECT MIP renderings and quantification of high-
dose IV ®’Ga-NOTA-IDR-1018 within select organs are shown in
Fig. 8. Imaging data helps to explain the above clinical observations
since there was an appreciable increase in 5 Ga-NOTA-IDR-1018 within
the lung tissue as a function of dose. More specifically, the activity
concentration in the lungs increased from approximately 3 g/mL at the
2.5 mg/kg dose level to ~10 g/mL (~170% ID/g) at both the 7 and 13
mg/kg dose levels. This meant that approximately 25% of the injected
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Fig. 6. Time-activity curves for the 3 mg/kg SQ ®’Ga-NOTA-IDR-1018 SPECT dataset. (a—e) Analysis for select organ systems, in units of SUVyean. Concen-
trations of ®’Ga-NOTA-IDR-1018 within most sites, such as the blood, lungs, kidney, urine and brain, peaked at 4 h post-injection. Accumulation of %7Ga-NOTA-IDR-
1018 in other organs, such as the liver, spleen and skeletal system was more delayed, peaking at 21 h post-injection. (f) Whole animal analysis, fitted to two-phase

decay kinetics. Some error bars may not be visible behind plot symbols. n = 3.
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Fig. 7. Biodistribution of IV (2.5 mg/kg) and SQ (3 mg/kg) ®’Ga-NOTA-LL-37 at 48 h post-injection as (a) % ID/organ and (b) % ID/g. The majority of
activity was found within the liver, bone and muscle of both groups. High tissue concentrations were evident in the spleen, liver, bone and lymph nodes. LI, large

intestine; LN, lymph node; SI, small intestine. *p < 0.05. n = 3/ group.

dose was found within the lung tissue at 7 and 13 mg/kg. Tissue con-
centrations of the peptide reached 294.9 nug/g at 7 mg/kg and 522.9 pg/
g at 13 mg/kg. Activity concentrations within the liver were around 2.5
g/mL (10% of the injected dose/g) regardless of the dose level, resulting
in peptide concentrations of 16.6 ug/g at 7 mg/kg and 35.7 ug/g at 13
mg/kg. Approximately 10% of the injected dose had distributed to the
liver of the high-dose IV ’Ga-NOTA-IDR-1018 mice within the few
minutes they survived post-injection. The concentration of ’Ga-NOTA-
IDR-1018 within the blood decreased as the dose of the radiotracer was
escalated, from 1.81 g/mL (7.54% of the injected dose/g) at 7 mg/kg to
1.13 g/mL (4.70% of the injected dose/g) at 13 mg/kg. A peptide con-
centration of ~15 pg/mL was achieved in the blood for both the 7 and
13 mg/kg dose levels. Renal clearance of ®’Ga-NOTA-IDR-1018 also
decreased upon dose escalation. Kidney concentrations of %7Ga-NOTA-
IDR-1018 fell from 2.69 + 0.35 g/mL at 2.5 mg/kg to 1.73 g/mL at 13
mg/kg. Urine concentrations of the radiotracer followed accordingly,
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dropping from just over 5 g/mL at 2.5 mg/kg to 0.10 g/mL at 13 mg/kg.
Quite low levels of activity (<1 g/mL) were observed in the brain, spleen
and skeleton (femur body, vertebrae, knee/ shoulder regions).

2.4. Toxicity of high-dose intravenous IDR-1018

To further explore the respiratory toxicity described above, mice
were injected with an IV bolus 8 mg/kg (n = 2) and 15 mg/kg (n = 2)
IDR-1018. Unmodified peptide was used here to ensure that the toxicity
observed was not due to the addition of the ®’Ga-NOTA moiety. Upon
injection, similar clinical signs were observed as with the radiotracer.
The mice injected with the highest dose of IDR-1018 stopped breathing
and died within seconds of injection. The 8 mg/kg animals breathing
became labored immediately following injection, and the animals died
within a couple of minutes. The lungs were then removed for histolog-
ical examination after paraffin embedding and staining with
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hematoxylin and eosin (Fig. 9). There were no signs of the peptide
precipitating and embolizing or becoming mechanically trapped within
the lung vasculature. Instead, there was diffuse congestion of the pul-
monary vascularity, including the capillary beds, with a distinct pattern
of distention of the medium sized pulmonary veins. Occasional focal to
locally extensive areas of alveolar hemorrhage were present, and in
these areas, there was leakage of serum into the alveoli. There was a
mild, diffuse mononuclear cell region throughout the alveolar septae
with occasional neutrophils also being present (Fig. S2). The heart
appeared to be histologically normal at both the 8 and 15 mg/kg dose
levels (Fig. S3). Significant hemolysis was visually observed in blood
samples from the mice that received high doses of IV IDR-1018
compared to the saline controls.

To further explore the mechanism of the toxicity observed to the lung
vasculature and parenchyma, IDR-1018 was added to cultured endo-
thelial cells (HUVEC cells) in vitro. Phase contrast micrographs were
acquired over a 24 h period using a live-cell imaging platform (Fig. S4).
At very high concentrations (300 pg/mL), similar to the lung tissue
concentrations observed in the 7 mg/kg IV %7Ga-NOTA-IDR-1018
SPECT, the HUVEC cells were essentially dissolved within a few minutes
of incubation with the peptide. At lower concentrations (37.5 pg/mL),
more in-line with the lung concentrations observed at the 2.5 mg/kg IV

European Journal of Pharmaceutics and Biopharmaceutics 179 (2022) 11-25

Fig. 8. SPECT/CT renderings (a) and quanti-
tative analysis (b) of high-dose IV %7Ga-NOTA-
IDR-1018. Upon dose-escalation, IV %7Ga-NOTA-
IDR-1018 accumulated to a greater extent in the
lung tissue (Lu), and uptake was less pronounced

25 mg/ kg in most other organs. A portion of the dose could

m e found in the vena cava (VC), particularly at the
B 7 mg/kg be found in th (VC), particularly at th
H 13 mg/kg 13 mg/kg dose level; damage to the lung or

stoppage of the heart due to ®’Ga-NOTA-IDR-
1018 may have prevented a portion of the dose
from progressing beyond this point. SPECT in
blue tones, CT in greyscale. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this
article.)

%7Ga-NOTA-IDR-1018 dose level, the cells were intact at 0.1 h. With
time, the cells treated with 37.5 pg/mL IDR-1018 started to show
morphological signs of toxicity [32] (i.e., blebbing, changes in the cell
size/ shape, etc.). Small precipitates/particles of the drug could also be
observed at various dose levels. These particles formed rapidly when
added to the cells and they were present at the first timepoint just a few
minutes after adding the peptide. The particles persisted and did not
appear to re-dissolve back into solution with time.

3. Discussion

Using the long-lived gamma-emitting isotope gallium-67, we devel-
oped a novel radiotracer for IDR-1018. The labelled %’ Ga-NOTA-IDR-
1018 peptide was stable, did not degrade or crosslink during the radi-
olabeling process, and was of high enough radiochemical purity to allow
pharmacokinetic studies in mice in real time. The distribution of %”Ga-
NOTA-IDR-1018 in healthy mice was significantly different from that of
free gallium-67 and the Ga-NOTA chelate, adding confidence that the
radiotracer in vivo demonstrated radiochemical stability. Free gallium-
67, following IV injection, is taken up by the iron transport protein
transferrin [33-35]. Over time, gallium-67 is taken up by tissues that
express the transferrin receptor (i.e., liver) or through affinity for

Fig. 9. Representative 100X micrographs of the lungs of mice treated with high-dose IV IDR-1018. At 8 mg/kg (a), general congestion of the tissue, less
extensive alveolar hemorrhage and dilation of the medium sized veins were observed. At 15 mg/kg (b), areas of severe alveolar hemorrhage (arrow heads) and
dilation of the medium-sized pulmonary veins (stars) were visible. Micrographs of saline-treated mice (c) are shown as controls. Scale bars are 100 pm.
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hydroxyapatite, which accumulates in the osseus aspects of the bones
[33-35]. On the other hand, the Ga-NOTA is cleared rapidly following
an IV injection via the kidneys, and accumulates poorly in any tissue
[35,361].

When injected as a 2.5 mg/kg IV bolus, °’Ga-NOTA-IDR-1018 was
rapidly cleared from the central compartment with a tj /54 of ~5 min.
The activity concentration and amount of radiotracer in the blood was
only ~9 pg/mL, which was ~23% of the injected dose at 0.1 h post-
injection. Interestingly, a plateau of %Ga-NOTA-IDR-1018 was
observed in the blood for the next few hours at around ~4 pg/mL, ~10%
of the injected dose. Bolouri et al. [9] observed a similar distribution
profile in the blood with *H-IDR-1018, albeit at slightly lower concen-
trations due to a lower injected dose of 2 mg/kg. >H-IDR-1018 had a t;,
2o Of ~1 min, and the highest reported blood concentration was ~8 pg/
mL at 2 min post-injection. Approximately 20% of the injected dose was
present in the blood at this time. Blood concentrations then decreased
and remained around 3 pg/mL, ~10% of the injected dose from 0.25 h to
the end of the study at 4 h post-injection.

Rapid clearance from the blood after IV bolus injection is a relatively
well-established concept for most HDPs when administered parenterally
[37-39]. Thus analogous rapid clearance (or low levels shortly after
injection) was observed for 67Ga-labeled L1-37 [35], 68Ga—DOTA—D—Tyr—
danalexin [40], 64Cu-DOTA-HLys [41], 1251 caerinl.9 [42], 99me.
labeled melittin [43], tritiated RTbtR [44], and 1241 labeled SET-M33L
[45]. Similarly, the slower second phase of elimination was observed
for S016-1271 [46] and NAB7061/NAB739 [47] that rapidly distributed
from the blood, but had a more delayed elimination phase half-life (t;,
2p) of 42 and 68 min, respectively. Similar elimination kinetics were
observed for 2°™Tc-labeled lactoferrin 1-11 [48], human neutrophil
peptide-1 [49], ubiquicidin 29-41 [50,51] (t/2s of 30-175 min in
mice) as well as tritiated HDP [52], Thanatin [53], Rhesus theta defensin
1 [54], and Onc72 [55]. AUC and MRT values of other HDPs were
generally less than ’Ga-NOTA-IDR-1018 (AUC: 83 pg/(mLeh); MRT: 10
h) since most other peptides lacked a plateau-phase in the blood that
increased systemic exposure. Examples include ’Ga-NOTA-LL-37 (AUC:
28 pg/(mLeh):, MRT: 11 h) [35], Onc72 (AUC: 0.8 ug/(mLeh):, MRT:
0.3 h) [55] and S016-1271 (AUC: 32 pg/(mLeh), MRT: 1.3 h) [46].

The plateauing blood levels of *H-IDR-1018/%”Ga-NOTA-IDR-1018
within the first few hours post-injection is quite unusual for a small
peptide-based drug, although other HDPs, particularly Onc112, have
exhibited related behavior. Following a 5 mg/kg IV bolus to mice, an
initial blood concentration of Onc112 at 4 pg/mlL was reported at 5 min
post-injection, which increased to 5.4 pg/mL between 10 and 20 min,
and then decreased rapidly [55]. Many factors may be at play here, but it
has been postulated that a local depot of HDP is formed within the vein
into which the peptide is injected, and this is then released back into the
circulation over time [55]. This depot has been proposed to form due to
the tendency of HDPs to interact with cell membranes and the high local
concentrations of HDP within the vasculature following a bolus dose
that promotes such interactions [55]. In contrast, imaging here with
57Ga-NOTA-IDR-1018 however suggests that this ‘HDP reservoir’ is not
in the lining of the injected vein, but instead in the lungs. The lungs
contain the first capillary bed following an IV injection, and have an
extensive membrane surface area (124 cm?in mice) for HDP interaction
[56]. High levels of lung uptake were similarly observed with other
HPDs shortly after injection, such as PEGylated '2*I-SET-M33l with
initial lung concentrations exceeded exceeding 100% ID/g, which
decreased to ~25% ID/g at 30 min-post-injection and negligible levels
by 6 h PI [45]. However, significant and temporary lung uptake is not
universal amongst HDPs and has not been observed for many other
compounds [41,42,44,49,52,57]. There may of course be other factors
prolonging the circulation half-life of select HDPs like IDR-1018 and
Oncl12, such as a propensity of HDPs to bind to plasma proteins that
circulate well such as albumin [58] and apolipoprotein A-1 [59].

In this study, we observed a dose-dependent uptake of ”Ga-NOTA-
IDR-1018 into the lungs. Activity concentrations at this site increased
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from ~3% ID/organ following a 2.5 mg/kg IV bolus to ~10% ID/organ
at 7-13 mg/kg. A marked increase in the damage to the lung tissue was
observed at the higher doses. These observations can be explained by the
concentration-dependent manner in which IDR-1018 interacts with cell
membranes. IDR-1018 does not cause significant membrane perturba-
tions at the concentrations required to generate a therapeutic effect
(<100 pg/mL) [5]. Instead of directly lysing bacterial cells, IDR-1018
translocates across their membranes to interact with intracellular tar-
gets, such as ppGpp [5,8]. IDR-1018 acts similarly to exert its effects on
immune cells [5,60-62]. Much higher concentrations (>375 pug/mL) are
required to disrupt membranes, cause a significant degree of hemolysis
[5] and as observed in this study it required >150 pg/mL to lyse HUVEC
cells. Other HDPs, such as LL-37, disrupt membranes and cause toxicity
at lower concentrations (25-50 pg/mL) when compared to IDR-1018
[63-65]. Interestingly, we observed much higher levels of 4Ga-NOTA-
LL-37 in the lung at 0.1 h post-injection cf. ”Ga-NOTA-IDR-1018 [35].

Although HDPs are rapidly cleared from the blood, there is not so
much agreement on their specific means of clearance. Thus ®’Ga-NOTA-
LL-37 was predominately cleared hepatically over a 48 h period
(40-70% of the injected dose), with high AC also observed in the spleen
(5-6 g/mL) [35] and less prominent renal clearance. In contrast, %7Ga-
DOTA-D-Tyr-danalexin was predominately cleared renally [40]. Other
peptides demonstrated preferential accumulation in one or more of the
liver, spleen, kidneys, lymph nodes and/or urine [41-45,47-52,66,67].

The mechanism of clearance of IDR-1018 from the blood may be the
result of various factors. Soman et al. [43] hypothesized that HDPs insert
into RBC membranes upon injection into the blood, and the lysed cells
and debris are then cleared away by filtration organs like the liver and
spleen. Hemolysis has been reported before for IDR-1018 [5] but not in
whole blood although it was observed in this study at high dose levels. It
is also well-established that IDR-1018 has a strong propensity to pre-
cipitate/aggregate in the presence of salt and in biological media due to
the Hofmeister effect [23]. Precipitation was observed in this study
around HUVEC cells treated with the peptide. As with lysed cells, debris
and particulates are efficiently removed from the blood by phagocytic
cells that reside within the reticuloendothelial system organs of the
liver, spleen and bone marrow [68-70]. Besides reticuloendothelial
system uptake, a portion of 57Ga-NOTA-IDR-1018 was cleared renally.
The peptide is below the MW cut-off for the glomerulus (30-50 kDa)
[71], and if very fine particulates are formed in the blood (<5 nm) [72],
those could also be removed by the kidney.

Furthermore, Bolouri et al. [9] observed that 3H-IDR-1018 accumu-
lated in the brain tissue over time, increasing from 0.3 pg/g at 2 min
post-injection to 1.5 pg/g at 4 h. We observed an intital concentration in
the brain at 0.1 h post-injection of 0.6 ug/g, and concentrations of <0.1
pg/g for the remainder of the study. Crossing the blood brain barrier
(BBB) is favored by lipophilic compounds (log(P) 2-5) with a molecular
weight <0.5 kDa, amongst other properties [73]. IDR-1018 is well
outside of these parameters with a MW of ~1.5 kDa and a net positive
charge of +5, although its amphiphilicity means it might be able to
permeate the BBB. The added MW from the ®’Ga-NOTA moiety (0.5
kDa) may have hindered IDR-1018 uptake into the brain when
compared to that observed with the >H-labeled molecule. Furthermore,
very low concentrations in the brain (~0.001 pg/g) were reported for
1251 labeled proline-rich HDPs Apil37, drosocin and oncocin [74].
Oncocin became trapped within the endothelial cells of the brain cap-
illaries, while the others made their way more efficiently into the brain
parenchyma [74]. The subcellular location of IDR-1018 in the brain is
currently not known and warrants further investigation. IDR-1018 has
shown efficacy in murine models of cerebral hyoxia-ischemia [9] and
cerebral malaria [10], which may be due to enhanced uptake of the
peptide into the brain due to access across the BBB in those conditions;
this has been observed with colistin and other HDPs previously [75-77].

Imaging of HDPs following IV administration to animals with soft
tissue infections has shown that only a small fraction of the peptide
distributes to the site of infection [49]. As a result, most HDPs in clinical



T.V.F. Esposito et al.

development [37-39,78], as well as pre-clinical studies with IDR-1018
[9-13,17-20], have focused on extravascular or local administration.
We found that ’Ga-NOTA-IDR-1018 was well-absorbed from a SQ in-
jection site, with ~25% of the injected dose remaining at 4 h post-
injection and ~5% between 21 and 48 h. The HDP A3-APO was not
absorbed as quickly, with only ~20% ID within the blood pool 2 h after
an intramuscular (IM) injection [79]. Fluorescent imaging of A3-APO
following a SQ injection found that little peptide had distributed at
20 min post-injection [80]. Haney et al. [22] observed precipitation of
IDR-1018 in the SQ tissue following a 8 mg/kg dose at 1 h post-injection.
We did not observe any signs of precipitation in the SQ tissue at 3 mg/kg
67Ga-NOTA-IDR-1018 when the injection site was visually examined
after 48 h. Further study is necessary to see how absorption of IDR-1018
is impacted by precipitation and/or aggregation of the compound at
high doses [17-19].

The mechanisms of action of IDR-1018 are to a degree concentration
dependent, with anti-biofilm and immunomodulatory effects occurring
at peptide concentrations lower than those required for direct antimi-
crobial effects. For example, only 5 pg/mL of IDR-1018 is required to
influence macrophage polarization [7], and 20 pg/mL of the peptide can
significantly alter the chemokine profile from PBMCs [5]. The minimal
biofilm inhibitory concentration leading to 100% decrease in biofilm
growth ranges from 2 to 10 ug/mL, depending on the pathogen [8]. MIC
values against planktonic bacteria range from a low of 8 pg/mL against
Klebsiella pneumoniae to >256 pg/mL against Burkholderia cenocepacia,
with most other bacteria within the 32-64 pg/mL range [8]. At 2.5 mg/
kg IV and 3 mg/kg SQ, only the SQ injection site had a high enough
concentration of ’Ga-NOTA-IDR-1018 to be above the MIC for most
bacterial pathogens. This explains (in part) the effectiveness of local
injections in treating SQ abscess models of infection [17-19]. IDR-1018
in other tissues likely exerts its therapeutic effects through modulation
of the host immune system and a direct effect on the bacterial cells
within the biofilm. Similar observations have been reported for other
HDPs, such as Onc72, Onc112 and rhesus theta defensin 1. Following a
5 mg/kg IV bolus, the Onc HDPs were only above the MIC for Escherichia
coli for 20-80 min post-injection, but still showed efficacy against the
bacterium in vivo [55]. Maximum blood levels of rhesus theta defensin 1
following a 5 mg/kg IV bolus were nearly a tenth of the MIC for Candida
albicans in a biological environment (100 pg/mL), but still showed ef-
ficacy in a candidiasis animal model [54].

HDPs, like IDR-1018, on their own have pharmacokinetic limitations
that limit their efficacy and cause toxicity. New strategies need to be
explored to overcome these issues. Simple changes, such as injecting
HDPs as a gradual IV infusion instead of a bolus, may help to prevent
lung toxicity and better sustain blood concentrations of IDR-1018.
Steady blood concentrations can also be achieved with repeated extra-
vascular dosing of HDPs; Basso et al. [54] found that daily intraperito-
neal (IP) injections of rhesus theta defensin 1 effectively maintained
blood concentrations of ~1 pg/mL for 7 days. SQ osmotic pumps can
also be used to sustain high localized concentrations of HDPs and
maintain steady blood concentrations [81,82]. Drug delivery systems
could also help to prevent rapid clearance of HDPs directly injected into
the blood. Example include PEGylation of SET-M33L [45], which
increased the circulation half-life by 10-fold, and PEGylation of ubiq-
uicidin 29-41 [67], which increased blood concentrations of the HDP by
20-fold at 2 h post-injection. Besides drug conjugates, nanoparticles
have also shown some promise in modulating the pharmacokinetics of
HDPs. For example, melittin incorporated into the outer lipid layer of a
perfluorocarbon nanoparticle increased blood concentrations by 10-fold
at 2 h post-injection [43,83]. A caveat is that although drug delivery
systems might improve the circulation of HDPs in the blood, they have
the potential to increase accumulation of the peptides in the reticulo-
endothelial system network, which may result in toxicity at these sites
[43,67].
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4. Conclusion

A radiotracer labeled form IDR-1018 was prepared in this study
using the long-lived gamma-emitting radiometal gallium-67 to better
define the pharmacokinetics of this synthetic peptide in vivo. In mice,
57Ga-NOTA-IDR-1018 was rapidly cleared from the blood following a
low dose IV bolus with a t; 2, of a couple of minutes. Due to the high
concentration of HDP in the blood upon first pass through the lung
capillary network, and the ability of IDR-1018 to interact with cell
membranes, a reservoir of peptide was formed in the lungs that helped
sustain blood levels for several hours post-injection. As the IV dose
increased, however, IDR-1018 perturbed the endothelial membranes of
the lung capillaries to an extent where alveolar hemorrhaging occurred,
causing mortality within a short period of time from respiratory failure.
IV administered ®’Ga-NOTA-IDR-1018 was cleared predominantly
through the organs of the reticuloendothelial system which may in part
have reflected the peptide precipitating in the blood. Following a low
dose SQ injection, °’Ga-NOTA-IDR-1018 was rapidly absorbed and was
almost completely excreted over a 48 h period. Renal clearance of the
radiotracer was more predominant for the SQ route when compared to
IV administration. Only the SQ injection site had a high enough con-
centration of ’Ga-NOTA-IDR-1018 to exert a direct antimicrobial effect
on many common bacterial pathogens. All other sites and tissues, in both
the low dose SQ and IV groups, had peptide concentrations more in line
with anti-biofilm and/or immunomodulatory effects. We conclude that
for IDR-1018 to be applied as a therapeutic molecule, it is best suited for
local delivery at the site of infection or inflammation. Further work in
developing advanced peptide formulation strategies and improving on
peptide design features, amongst other refinements, will be required to
safely and effectively delivery IDR-1018 and other related synthetic IDR
peptides systemically.

5. Experimental section
5.1. Materials and reagents

IDR-1018 (VRLIVAVRIWRR-NH>) was obtained commercially from
CPC Scientific (San Jose, CA, USA) at a purity >95%. S-(4-Iso-
thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-
SCN-Bn-NOTA) was purchased from Macrocyclics (Plano, TX, USA) and
7Ga-citrate was obtained from Isologic Innovative Radiopharmaceuti-
cals (Dorval, QC, Canada). Tec-Control 150-771 ITLC strips were ob-
tained from Biodex Medical Systems (Shirley, NY, USA). Sep-Pak
vacuum cartridges pre-loaded with 100 mg of silica-gel sorbent were
purchased from Waters Corporation (Milford, MA, USA). All supplies
used to prepare and run the SDS-PAGE analysis were from Bio-Rad
Laboratories (Hercules, CA, USA). Isoflurane USP was obtained from
Fresenius Kabi Canada (Toronto, ON, Canada) and lactated Ringer’s
solution USP from Baxter Canada (Mississauga, ON, Canada). HUVEC
cells were acquired from Lonza (Basal, Switzerland). Cell culture con-
sumables were from USA Scientific (Ocala, FL, USA) or Corning (Corn-
ing, NY, USA), while all cell culture media and reagents were from
Thermo Fisher Scientific (Waltham, MA, USA) or Lonza. All other re-
agents and solvents were purchased from MilliporeSigma (Burlington,
MA, USA) and used as received without further purification. Type 1
ultrapure water from an in-house Milli-Q Integral 10 filtration system
(MillporeSigma) was used in all experiments.

5.2. Preparation and characterization of % Ga-NOTA-IDR-1018

An aqueous solution of IDR-1018 (92 pL, 12 mg/mL, 0.72 pmol) was
combined with NaHCO3 (46 pL, 0.1 M); the pH of this solution was
between 7 and 8 according to pH-indicator strips (MQuant, Milli-
poreSigma). p-SCN-Bn-NOTA in DMSO was then added (3.5 pL, 20 mg/
mL, 0.13 umol) and allowed to react overnight on an Eppendorf Ther-
momixer® set at 25 °C and 650 rpm.
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The modified peptide was isolated using a 1 mL vacuum cartridge
containing 100 mg of silica-gel sorbent (Waters Corporation; Milford,
MA, USA). The cartridge was pre-conditioned using 0.5 mL methanol
followed by 3 mL of water and was operated using positive pressure
from an air-filled syringe and adapter seal. To load the cartridge, the
crude reaction mixture was first diluted to a total volume of 1 mL with
water and then slowly pushed through. The column was then washed
thrice with 1 mL of water to remove unreacted chelator, solvents and
salts. IDR-1018/NOTA-IDR-1018 was recovered from the cartridge
using 0.25 mL fractions of 0.01 M HCl in water. The 2nd and 3rd acidic
fractions were pooled and used for downstream radiolabeling reactions.
Elution and peptide recovery were monitored by measuring the ab-
sorption of the fractions at 280 nm on the Nanodrop 2000 spectropho-
tometer (Thermo Fisher Scientific; Waltham, MA, USA).

57Ga-citrate was concentrated and converted to %’GaCls using a
method adapted from Scasnar and van Lier [84]. Briefly, % Ga-citrate
solution (192 MBq, 117 MBq/mL) was passed through a cartridge con-
taining 100 mg of silica-gel sorbent pre-conditioned with methanol then
water. The cartridge was washed with 3 mL of water to remove the
citrate ions, and the radiometal was then eluted using 15% v/v 0.1 M
HCI in acetone. After heating the eluent overnight at 40 °C in an open
container, ’GaClz in 0.1 M HCI remained. The activity concentration at
the time of radiolabeling was 2.5 GBq/mL, an approximately 30-fold
increase from the %”Ga-citrate starting solution when corrected for
decay.

NOTA-IDR-1018 in 0.01 M HCI (0.55 mL, 1.4 mg/mL) was combined
with #’GaCls in 0.1 M HCI (10 L, 2.5 GBq/mL) and adjusted to pH 4-5
using a small amount of 1 M NaOH. The reaction was allowed to proceed
on an Eppendorf Thermomixer® set at 20 °C and 750 rpm for 7 h.

Radiolabeling efficiency and purity was determined using an ITLC
system consisting of a paper-based stationary phase and a 0.01 M EDTA
in 0.9% w/v NaCl mobile phase. The location and amount of radioac-
tivity on the strips was assessed using a Cyclone Phosphorimager and
Optiquant software from Packard Instruments (Downers Grove, IL,
USA).

The molecular weight of the radiotracer was assessed with SDS-PAGE
using gels cast with a 20% w/v resolving phase and 4% stack [85].
Peptide samples (5 pL, 0.5 mg/mL) were mixed with an equal volume of
twice-concentrated Laemmli buffer and heated at 95 °C for 5 min. The
samples, namely unmodified and radiolabeled IDR-1018, were then
loaded onto the gel along with a pre-stained ladder (Precision Plus
Protein Kaleidoscope, Bio-Rad Laboratories) as a molecular weight
reference. The gel was run in Tris/glycine/SDS buffer using a Mini-
PROTEAN Tetra Cell and PowerPac HV power supply from Bio-Rad
Laboratories. Bands were visualized using Brilliant-Blue R-250 (Coo-
massie) stain. The gels were documented on an Odyssey CLx Imager
(LiCor, USA) set at 700 nm excitation and analyzed using Image Studio
software that accompanied the instrument.

5.3. Animals and ethics statement

All animal experiments were performed in accordance with the Ca-
nadian Council on Animal Care (CCAC) under an approved protocol
(A16-0150) by the Animal Care Committee (ACC) of the University of
British Columbia.

Healthy female C57Bl/6 mice (Strain code 027) with a weight be-
tween 22 and 25 g were obtained from Charles Rivers Laboratories

SUVmemz (g/mL> =
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(Wilmington, MA, USA) and housed in a controlled environment (22 °C,
12 h day/night cycle). The animals had unlimited access to enrichment,
food and water. They were acclimatized to the facility for a minimum of
1 week before use.

5.4. SPECT/CT and biodistribution studies

In preparation for administration, the ’Ga-NOTA-IDR-1018 solution
was adjusted to ~pH 5-6 with a small amount of 1 M NaOH and to
isotonicity using an appropriate amount of 9% w/v NaCl. To achieve the
desired peptide dose in a volume of 100 pL, ’Ga-NOTA-IDR-1018 was
either i) diluted with 0.9% w/v NaCl (normal saline) or ii) spiked with
unmodified IDR-1018 in normal saline. Each dose contained roughly
1.5 MBq of activity and were loaded into 29 G insulin syringes (Becton
Dickinson; Franklin Lakes, NJ, USA) for administration.

Mice were randomly allocated into IV and SQ groups. Each mouse
was anesthetized with isoflurane in oxygen (5% induction, 1.5-2%
maintenance) using a RC? rodent precision vaporizer (VetEquip; Pleas-
anton, CA, USA) and provided with 0.5 mL of SQ Ringer’s lactated so-
lution for hydration prior to radiotracer administration (and each
subsequent scan). IV doses were injected as a bolus via the tail vein and
SQ injections were administered on the flank. A dose calibrator (CRC-
55tR, Capintec; Florham Park, FL, USA) was used to measure the sy-
ringes before and after injection to determine the final administered
dose.

After injection of the radiotracer, the mice were immediately scan-
ned in list-mode under isoflurane anesthesia (1.5-2% in oxygen) on a
VECTor/CT multimodal pre-clinical scanner outfitted with an extra-
ultra-high sensitivity (XUHS) mouse pinhole collimator (MILabs;
Houten, The Netherlands) [86,87]. A CT scan was acquired following
the SPECT acquisition (1 frame, 180 projections over 360°) using tube
settings of 55 kV and 615 pA. Animals were recovered with heat and
hydration support before being returned to their cage. Each animal was
scanned up to 5 times over a 48 h period, as summarized in Table S2.

The CT projection data was reconstructed using SkyScan NRecon
software (Microphotonics Inc.; Allentown, PA, USA) to generate a 3D
image with a 0.169 mm? voxel size. SPECT data was reconstructed using
a pixel-ordered subset expectation maximization (POSEM) algorithm
using 16 subsets, 6 iterations and an isotropic 0.4 mm voxel grid with U-
SPECT Rec2.5li software (MILabs). The 79 keV photopeak of ’Ga with a
20% energy window width was used for the reconstruction. The SPECT
files were decay corrected to the start of each scan and after CT regis-
tration, attenuation correction was applied using U-SPECT Rec2.5li
software.

The SPECT dataset was quantified using AMIDE software (UCLA; Los
Angeles, CA, USA) [88]. Spherical volumes of interest (VOIs) with a
diameter of 1.5 mm were drawn in the left ventricle of the heart (blood
pool), liver, kidney, spleen, lung and 4 different locations of the skel-
eton: femur, vertebrae and the knee and shoulder regions. VOIs were
also placed over the urinary bladder, injection site and whole animal. A
calibration factor, obtained by scanning a point source phantom con-
taining a known concentration of ’Ga, was used to convert the VOI data
from scanner units (counts/voxel) to units of radioactivity concentration
(MBg/mL). VOI data were decay corrected to the time of injection of the
radiotracer. VOI data are presented as SUVean, Which was calculated
using Equation 1.

mean radioactivity concentration in VOI (MBq/mL) x weight of animal (g)

injected radioactive dose (MBq)
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Equation 1: SUV formula for SPECT analysis.

Tissue concentration activities were at times also reported in units of
% ID/g and pg/g. The former was calculated according to Equation 2
using standardized densities for mouse tissues [89,90] and body fluids
[91,92]. The latter was obtained using Equation 3. For body fluids,
namely the urine and blood, pg/g was multiplied by the density of the
fluid to report pg/mL.

mean radioactivity concentration in VOI (MBq/mL)

%ID/g = x100

injected radioactive dose (MBq) x organ density (g/mL)
Equation 2: % ID/g formula for SPECT analysis.

_ %1ID/g xpeptide dose (ug)

Hg/g 100

Equation 3: pg/g formula for SPECT analysis.

% ID/ organ was calculated by multiplying % ID/g by the weight of
the organ. For organs that could not be fully removed and weighed, such
as the blood, standardized organ weights were used [93,94]. The pro-
portion of the injected dose remaining within a particular volume, such
as the injection site or urinary bladder, was determined according to
Equation 4.

o 1D = mean radioactivity concentrationin VOI (MBg/mL) x VOI volume (mL)
% ID =

injected radioactive dose (MBq)

Equation 4: % ID formula for SPECT analysis.

5.5. Pharmacokinetic modeling

Microsoft Excel 2016 (Redmond, WA, USA) with the add-in PKSolver
[95] was wused to perform IV bolus and extravascular non-
compartmental modeling from the blood concentration. Tmax, Cmax,
AUCy., and MRT_, are reported.

5.6. Biodistribution

Following the final SPECT/CT scan, the animals were kept under
isoflurane anesthesia and promptly sacrificed using a 2-step process: (i)
cardiac puncture to obtain a blood sample followed by (ii) COs
asphyxiation. The activity in the carcass was recorded using a CRC-55tR
dose calibrator and organs/tissue samples were harvested via dissection.
The samples were then weighed and the amount of radioactivity within
them measured using a Cobra II 5010 gamma counter (Packard In-
struments) recording counts per minute (cpm) of photons between 15
and 2000 keV. A calibration factor was applied to convert cpm values
into units of radioactivity (MBq). Data is reported as percentage of the %
ID/g and % ID/organ. For organs that could not be completely removed
via dissection for analysis, such as the skeleton and blood, % ID/organ
values were obtained by multiplying the obtained % ID/g value by
standardized organ weights or volumes for age- and sex-matched mice
[93,94].

5.7. Histological assessments

Mice were administered unmodified IDR-1018 at 8 mg/kg (n = 2)
and 15 mg/kg (n = 2) in 100 pL of normal saline as an IV bolus via the
tail vein. A control animal (n = 1) received a 100 pL IV bolus of normal
saline. The injections were performed under isoflurane anesthesia (5%

x100
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in oxygen for induction, 2% in oxygen for maintenance).

The time to respiratory arrest was recorded and the mice were then
cervically dislocated. The heart and lungs were removed as a plug (i.e.,
connected to each other) and fixed over a 3 day period in 10% neutral
buffered formalin (NBF) at room temperature. The samples were
embedded in paraffin, sectioned (4 pm thickness), mounted on glass
slides and stained with hematoxylin and eosin (H&E) using well-
established protocols at the histology core at the UBC Centre for
Comparative Medicine.

The slides were provided to a veterinary pathologist for examination
(Animal Pathology Services Ltd; Edmonton, AB, Canada). The patholo-
gist was not affiliated with the project and blinded as to the experi-
mental group of the mice, so as to obtain an unbiased opinion.
Representative light micrographs at 100x and 400x were provided of
the lungs and heart of IDR-1018 treated and control animals.

5.8. Cell morphology

HUVEC cells were cultured in endothelial growth medium (EGM),
which was prepared using an EGM-2 Bullet Kit and maintained at 37 °C
in a humidified 5% CO3 incubator. Cells were grown to approximately
70-80% confluence and detached with trypsin-EDTA in order to be

passaged or seeded for an experiment. The cells were passaged at least
twice after being thawed for used in experiments.

HUVEC cells were seeded into 96-well plates at a density of 5000
cells per well in 100 pL of complete media and allowed to adhere
overnight. IDR-1018 was then added in triplicate in 100 uL of media to a
final concentration between 0 and 300 ug/mL in the well. Phase contrast
images at 10X magnification were immediately taken using an Incucyte
ZOOM live cell imager (Essen Bioscience; Ann Arbor, Michigan, USA).
Data is reported as representative micrographs, which were prepared
using Incucyte ZOOM 2016A software (Essen Bioscience).

5.9. Graphing and image rendering

OriginPro 2020 software (OriginLab Corporation; Northampton,
MA, USA) was used to digitize ITLC traces. Prism 8 software (GraphPad
Software; San Diego, CA, USA) was used for all graphing and curve
fitting. AMIDE software was used to overlay the SPECT and CT files and
generate fused 2D images and 3D maximum intensity projection (MIP)
renderings; SPECT data was Gaussian filtered using a kernel size of 19
and Full Width at Half Maximum (FWHM) of 1 mm. Chemical structures
were drawn using ChemBioDraw Ultra 13 software (PerkinElmer; Wal-
tham, MA, USA) and the graphical abstract was created partly using
BioRender.com (Toronto, ON, Canada). Multi-panel figures were pre-
pared using Illustrator CC 2015 software (Adobe; San Jose, CA, USA).
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