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ImmunoPET with Zirconium-89 specifically
detects postoperative biofilm-associated
implant infections: a preclinical study
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Abstract

Background Early postoperative implant infections are difficult to diagnose due to overlapping symptoms with
inflammation. However, prompt surgical intervention for an implant infection can prevent the need for repeated
surgeries and improve the overall success of the treatment and preserving the implant. The primary objective of this
study was to assess the sensitivity and specificity of a novel immuno-PET radiotracer for detecting Staphylococcus
aureus bacteria and their biofilms in a preclinical rat model.

Results An antibody against wall teichoic acid a common surface component of S. aureus, was labeled with
Zirconium-89- as the PET tracer. Wistar Han rats underwent surgery with a S. aureus-related biofilm-infected femoral
implant on one side and a sterile femoral implant on the contralateral side. The diagnostic efficacy of this imaging
modality was compared with clinically established nuclear imaging techniques for implant infections, including
[*MTc]Tc-MDP SPECT/CT, ['8FIFDG PET/CT, and ['®FINaF PET/CT. Furthermore, co-injection of unlabeled (‘cold”)
antibodies was performed to evaluate their impact on biodistribution. All animals with a biofilm-associated femoral
implant infection showed significantly higher uptake of the novel ImmunoPET tracer in the infected side compared
to the sterile side throughout the 13-day postoperative study duration. A dose-dependent increase in tracer
accumulation was observed with co-injection of cold antibody, suggesting its potential to improve biodistribution.

Conclusions ImmunoPET with Zirconium-89-labeled antibodies specific for wall teichoic acid antigen demonstrates
sensitive and specific diagnostic capabilities compared to conventional nuclear imaging modalities, offering a
promising tool for early detection of postoperative chronic low-grade infections and septic implant loosening.

Keywords ImmunoPET, Preclinical infection Imaging, Biofilm-associated Implant infections, Biofilm detection,
Postoperative Diagnosis
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Introduction

Timely diagnosis of implant infections is critical to pre-
vent revision surgeries and preserve implants [1, 2].
However, current diagnostic methods such as C-reactive
protein (CRP), erythrocyte sedimentation rate (ESR),
white blood cell count, and synovial fluid markers, often
fail to differentiate infections from postoperative inflam-
mation [3-5].

To enhance diagnostic accuracy, advanced nuclear
imaging modalities can be utilized. These include [**™Tc]
Tc-MDP Single Photon Emission Computed Tomography
(SPECT), which employs a bone-seeking radiopharma-
ceutical that binds to calcium-ions on the bone surface
via chemisorption [6]. Furthermore, ['F]FDG Positron
Emission Tomography (PET) can be used, leveraging a
glucose analog as a tracer [7]. Both modalities have been
extensively applied and evaluated for diagnosing implant-
related infections. However, distinguishing postoperative
inflammation from infection remains a significant chal-
lenge, underscoring the need for more precise diagnostic
tools [8—11].

Additionally, in implant surgery, differentiating
between aseptic and septic loosening remains diagnos-
tic challenge [12]. Aseptic loosening involves increased
macrophage activity and osteolysis (bone resorption)
by osteoclasts due to micro- and nano-scale debris and
can be described as an inflammatory process. Likewise,
septic loosening caused by bacteria such as Staphylococ-
cus aureus, triggers bacterial-induced inflammation and
osteolysis [13]. Aseptic loosening is responsible for 29%
of early total hip implant failures and 9.2% of total knee
implant failures, whereas infections account for 19.5%
and 51.3%, respectively [14, 15].

Similar to the challenge of distinguishing between
infection and inflammation, conventional diagnostics
methods often fail to conclusively differentiate between
aseptic and septic prosthetic loosening [16—18]. While
[®™Tc]Tc-MDP SPECT offers a high sensitivity, it as a
low specificity. In contrast, ['F]-FDG PET is able to pro-
vide satisfactory sensitivity and specificity for detecting
an implant infection [16, 19]. However, due to postopera-
tive inflammation (foreign-body reaction), distinguish-
ing between an infection and inflammation within the
first three months after surgery remains challenging with
['8F]-FDG PET analysis [20]. The same challenge applies
to fracture-related infections, where [*F]JFDG PET
showing a high false-positive risk post-surgery, high-
lighting the need for more precise diagnostic tools [21,
22] Diagnosing Fracture-Related-Infection with bone-
scintigraphy is also challenging, as it is sensitive but lacks
specificity [23].

The application of a specific antibody as carrier for pos-
itron-emitting radionuclides represents a novel imaging
technique for postoperative detection of an implant- or
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a fracture-related infection. This molecular imaging
modality is named immuno-positron emission tomogra-
phy (ImmunoPET) [24]. It is an antibody-based imaging
that leverages the targeting capability of an antibody to
transport positron-emitting radioisotopes for highly sen-
sitive and specific PET imaging [25].

Specific targeting of Staphylococcus aureus and its bio-
film has been established with an antibody against Wall
Teichoic Acid (WTA) glycopolymer [26, 27]. Two studies
from our group demonstrated intra-animal specificity of
Staphylococcus aureus and its biofilm in a subcutaneous
infection mouse model with the monoclonal antibody
4497-1gG1 (anti-B-GlcNAc WTA antibody) [28, 29].
To further highlight the potential of this antibody, our
recent findings suggest that radioimmunotherapy with
the 4497-IgG1 antibody may exert antimicrobial effects
against biofilm-associated implant infections, even under
leukopenic conditions [30]. Consequently, we hypoth-
esize that InmunoPET with the targeting precision of the
anti-WTA 4497-antibody can specifically and sensitively
detect a low-grade infection compared to conventional
nuclear imaging modalities in a challenging postopera-
tive setting.

In this preclinical study, we hypothesize that the Zir-
conium-89-labeled anti-WTA 4497 antibody possesses
significant diagnostic potential as a novel ImmunoPET
tracer in the early postoperative phase, specifically tar-
geting three-day-matured Staphylococcus aureus biofilm
infections. Subsequently, the diagnostic performance of
the novel tracer was compared with that of [*™Tc]Tc-
MDP SPECT, [**F]FDG PET, and [**F]NaF PET, all of
which are hypothesized to have limited ability to distin-
guish between infection and postoperative inflammation
in the early phase following implant surgery. Finally, the
study investigated the proof-of-principle for co-inject-
ing an excess of unlabeled (cold) 4497 antibody and its
potential to favorably modulate biodistribution.

Materials and methods (condensed)

A concise description of the methods is provided below;
a detailed and extended version is available in the Sup-
plementary Materials including radiolabeling, biofilm
maturation, surgical procedure, imaging analyses and sta-
tistical analysis.

Animal study design

This study followed an intra-animal-controlled design.
Thirteen male Wistar Han rats, approximately 12-13
weeks old, underwent surgery for the bilateral inser-
tion of intrafemoral implants to distinguish between
infected and sterile implants postoperatively. Nine ani-
mals received a single injection with 30 pg Zirconium-
89-labeled 4497-antibody against the Wall Teichoic
Acid glycopolymer as the ImmunoPET tracer ([*Zr]
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[89Zr]-4497 Binding assay
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Fig. 1 Acceptable stability and binding were achieved with [#°Zr]-4497 radio-immunoconjugate as ImmunoPET tracer. (A) The radiolabeled 4497-anti-
body was incubated in 90 V/V% human serum or PBS at 37 °C, 3 pl at each time point was withdrawn for iTLC analysis for 7 consecutive days with gamma-
counting quantification. The radio-immunoconjugate exhibited excellent stability, with 99.7% stability in human serum and 99.3% in PBS after 7 days. (B)
At the highest S. aureus concentration, the binding affinity was 87% and displayed an immunoreactive fraction of 0.85
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Fig. 2 Study timeline of the [¥°Zr]-4497 (ImmunoPET) imaging groups and radiotracer imaging group. After three days of in vitro biofilm maturation on
the femoral implants, all animals underwent the bilateral femoral implant procedure on day 0. Subsequently, after three days of infection development,
the immunoPET tracer was administered on day + 3. Thereafter, on days+4, +6, + 10 and + 13 post-surgery, a PET/CT analysis was performed for all ani-
mals in the [89Zr]—4497 (immunoPET) imaging groups (n=238). Similarly, to the 189Zr1-4497 (immunoPET) imaging groups, imaging of the animals receiving
the conventional radiotracers (n=3), was performed according to same timeline. All animals from both the immunoPET imaging groups and radiotracer
imaging group were euthanized on day + 13 post-surgery for CFU assessment and ex vivo biodistribution assessment (ImmunoPET imaging groups only)

Zr-WTA-4497 1gG, hereafter referred to as [¥Zr]-4497).
Of these, three animals additionally received either
300 pg (10x) or 600 pg (20x) of excess unlabeled (cold)
4497 antibody. The in vitro stability test and binding assay
can be found in Fig. 1. The in vitro stability assay and in
vitro bacterial binding assay of [*Zr]-4497 are shown in
Fig. 1. The HPLC characterization of [**Zr]-4497 conju-
gated with DFO is shown in Figure S1.

For comparison another four rats received all three
conventional radiotracers: [*™Tc]Tc-MDP (for bone-
scintigraphy SPECT analysis), the glucose analog fluo-
rine-18 FDG (for ["®F]FDG PET analysis) and the bone
tracer fluorine-18 sodium fluoride (for ['®F]NaF PET
analysis) (Fig. 2). One animal from the [3°Zr]-4497 group
with 600 pg co-injection and one animal from the con-
ventional radiotracer group developed an infection of
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the entire sterile implant side (joint, surrounding bone
and implant), and were excluded from the analysis. The
ex vivo biodistribution of the excluded animal receiving
[39Zr]-4497 with 600 pg co-injection after 13 days post-
surgery can be found in Fig. S4.

This in vivo experiment was performed after approval
of the Animal Research Ethics Board of the University
of Saskatchewan, Canada (protocol AUP20230035). All
experiments were performed in accordance with institu-
tional guidelines and regulations, and with the ARRIVE
guidelines for reporting animal research [31].

PET/CT and SPECT/CT imaging and data assessment

Imaging for the ImmunoPET and conventional radio-
tracer groups was conducted using PET/CT or SPECT/
CT with the VECTor*CT scanner (MILabs, Netherlands),
depending on the radiotracer employed. See Fig. 2 for
the study timeline with the postoperative imaging days.
To accurately calculate the standardized uptake value
per bodyweight (SUVbw) for both the infected and ster-
ile femurs with implants, 3D Slicer v5.6.2 (slicer.org) was
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used to generate a precisely defined region of interest
(ROI) that matched accurately the anatomical structure
of the femur [32]. After thresholding the bone from the
CT scan, both femoral bones were manually isolated. A
Radiotherapy Structure Set (RTSS) DICOM file was cre-
ated from the 3D image of the femoral bones to generate
specific and clear-cut ROIs of the femoral bones. There-
after, PMOD software (version 3.910, PMOD Technolo-
gies) was used to quantify the SUVbw within the ROIs
(Fig. 3).

Results

Specific infection targeting with [8°Zr]-4497 and its
diagnostic potential

The PET/CT analyses of the imaging group, [¥*Zr]-4497
with no co-injection of the cold antibody (n=3), showed
sensitive and specific bacterial accumulation of the
ImmunoPET tracer throughout the study duration
(Fig. 4A). The biofilm-infected side (R) exhibited 5.71-,
2.84-, 3.61- and 3.08-fold greater uptake (SUVbw) on
days 4, 6, 10 and 13 post-surgery, respectively (Fig. 4C).

Fig. 3 Clear-cut ROIs are used for Standardized Uptake Value analyses. The SUV was normalized to body weight and to the decay of the [**Zr]-radioiso-
tope (SUVbw). Calculation of SUVbw was performed by generating specific ROIs. (a) A 3D image of the bone was processed from the CT image after
manual thresholding. (b) The femur with a biofilm-infected implant (green) and the femur with a sterile implant (yellow) were manually isolated. The
mask-volume option was used to fill in the gaps in both femurs. (c) The posteroanterior and sagittal planes are shown. With clear-cut ROls, the SUVbw was

measured using PMOD software (version 3.910, PMOD Technologies)
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)

Fig. 4 The ImmunoPET tracer shows specific targeting of the infection throughout the study duration. The green L indicates the left sterile implant and
the red R indicates the right biofilm-infected implant. Posteroanterior (PA) and sagittal planes are depicted. Dotted line indicates the day of injection. (a)
PET/CT scans of the [%°Zr]—4497 with no co-injection of cold 4497-antibody. (c) PET/CT scans of [39Zr1-4497 (ImmunoPET) with no co-injection show five
times more accumulation of the ImmunoPET tracer in the femur with biofilm-infected implant compared to the femur with sterile implant at day four
post-surgery. The ratio SUVbw between the femur with biofilm-infected implant and femur with sterile implant on days 4, 6, 10 and 13 post-surgery was
5.71,2.84,3.61 and 3.08, respectively. (b) PET/CT scans of the (897r1-4497 with 300 g co-injection of cold 4497-antibody. (d) The ratio SUVbw between
the femur with biofilm-infected implant and femur with sterile implant on days 4, 6, 10 and 13 post-surgery was 2.63,4.07, 2.63 and 2.12, respectively

The PET/CT analyses of the imaging groups, postoperative imaging days 6 (n=2)and 12 (n=3) respec-

[3Zr]-4497 with 300 pg (n=3) and 600 pg co-injection
(n=2) of the cold 4497-antibody, also showed sensitive
and specific accumulation of the ImmunoPET tracer
throughout the study duration (Figs. 4B and 5A). The
combination with 300 pg of cold antibody exhibited
2.63-, 4.07-, 2.63- and 2.12-fold greater uptake on days 4,
6, 10 and 13 post-surgery in the biofilm-infected side (R),
respectively (Fig. 4D). The combination with 600 pg of
cold antibody exhibited 2.17-, 1.62-, 1.62- and 4.21-fold
greater uptake on days 4, 6, 10 and 13 post-surgery in the
biofilm-infected side (R), respectively (Fig. 5B).

A detailed overview of mean SUVbw uptake values
across all time points is provided in Supplementary table
S3.

Across all ImmunoPET imaging groups (n=8), the
mean uptake (SUVbw) of the femur with a biofilm-
infected implant (R) was 4.56+0.8, 3.88+1.4, 4.03+1.4
and 5.41+0.8 for postoperative days 4, 6, 10 and 12,
respectively. The mean SUVbw of the femur with a ster-
ile implant (L) was much lower with mean uptake values
of 1.62+0.9, 1.46+1.0, 1.69 £ 0.6, and 1.97 0.6 for post-
operative days 4, 6, 10 and 12, respectively. Thus, a sig-
nificant difference in uptake was observed between the
femur with biofilm-infected implant (R) and the femur
with sterile implant (L) on each imaging day, with p-val-
ues consistently below 0.001.

Conventional nuclear imaging techniques lack specificity
The biofilm-infected side (femur with implant) demon-
strated uptake of [*™Tc]Tc-MDP comparable to that of
the sterile side (femur with implant) with uptake ratios
of 1.07, 1.22, and 1.07 on postoperative imaging days 4
(n=3),10 (n=2) and 13 (n=2), respectively. (Fig. 6A).
The biofilm-infected side (femur with implant) also
demonstrated uptake of ["*F][FDG comparable to that of
the sterile side (femur with implant) with uptake ratios of
1.13 and 1.11 on postoperative imaging days 4 (n=3) and
10 (n=2), respectively (Fig. 6B). However, the sterile side
demonstrated a decline in ['®F]JFDG uptake after 13 days
post-surgery (n=2), resulting in an uptake ratio of 1.78
between the biofilm-infected and sterile sides (Fig. 6B).
With ["*F]NaF PET imaging, the biofilm-infected side
(femur with implant) demonstrated uptake of '°F-flu-
oride ions comparable to that of the sterile side (femur
with implant) with uptake ratios of 0.95 and 1.09 on

tively (Fig. 7).

A detailed overview of mean SUVbw uptake values
across all time points is provided in Supplementary table
S4.

Ex vivo biodistribution and the proof-of-principle of cold
antibody co-injection

Across all ImmunoPET imaging groups (n =8), all femurs
with biofilm-infected implants (R) showed an accumu-
lation of 1.27+0.7%ID/gram. The accumulation of all
the femurs with sterile implants (L) was 0.35+0.2%ID/
gram. A significant difference was found in the accumu-
lation between the infected side (R) and the sterile side
(L) after 13 days post-surgery of the ImmunoPET tracer
(p=0.003) (Fig. 8). The ex vivo biodistribution of the
excluded [*°Zr]-4497 animal is shown in Fig. S4.

The liver and spleen also showed considerable uptake
with accumulation values of in the range of 5 to 7%ID/
gram in the liver and 1.4 to 2.7%ID/gram in the spleen
(Fig. 8).

It is hypothesized that a high systemic concentration of
the antibody may result in saturation of bacterial bind-
ing sites at the most accessible site, which in this study
corresponds to the infected joint. Consequently, excess
4497-antibody will preferably bind to the biofilm-infected
implant in the femur. This increase in systemically avail-
able antibodies is achieved through the administration of
a cold-antibody overdose, which also saturates antibody-
capturing organs such as the spleen.

In the study, co-injection of the cold 4497-antibody
resulted in encouraging effects on the biodistribution
between the articular capsule (Fig. S2) at the infected
side (R) and the femur with the biofilm-infected implant
(R). The ratio of the mean %ID/gram between these two
sites from the same infected side, decreased with the
co-injection of the cold 4497-antibody. For the no co-
injection, 300 pg co-injection, and 600 pg co-injection
imaging groups, the calculated %ID/gram ratios between
the articular capsule (R) and femur with biofilm-infected
implant (R) were 2.8, 2.5, and 1.9, respectively.

Additional results, such as infection/sterility valida-
tion (Fig. S3, Tables S1 and S2), ex vivo biodistribution
(extended) and short-term hematological effect assess-
ment (Fig. S5) are provided in the Supplementary Results.
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Fig. 5 PET/CT scans of [892r1-4497 (ImmunoPET) co-injected with 600 pg of cold 4497-antibody, demonstrate exceptional sensitivity, revealing accu-
mulation in the contaminated joint on the sterile side. The ImmunoPET tracer shows specific targeting of the biofilm throughout the study duration. The
green L indicates the left sterile implant and the red R indicates the right biofilm-infected implant. The yellow arrow displays the left contaminated joint
(articular capsule). Posteroanterior (PA) and sagittal planes are depicted. Dotted line indicates the day of injection. (a) PET/CT scans of the [#°Zr]-4497 &
600 pg co-injection of cold 4497-antibody. (b) The ratio SUVbw between the femur with biofilm-infected implant and femur with sterile implant on days

4,6,10 and 13 post-surgery was 2.17,1.62, 1.62 and 4.21, respectively

Discussion

Distinguishing between surgical-related inflammation
and an infection in the first postoperative days remains a
challenge task with today’s diagnostic tools. In the pres-
ent study, the potential for diagnostic differentiation
between inflammation (represented by a sterile implant,
L), and a low-grade infection (represented by a biofilm-
infected implant, R), in the first 13 postoperative days
was evaluated using the [*Zr]-labeled 4497-antibody
(as the novel ImmunoPET tracer) and with conventional

nuclear imaging modalities such as [*™Tc]Tc-MDP-
SPECT, [*®F]FDG-PET, and ['®F]|NaF-PET.

The main issue of implant-associated infections is the
presence of biofilm. This biofilm acts as a physical bar-
rier that inhibits full antibiotic penetration and contains
diverse types of bacteria such as metabolically inactive
bacteria (dormant cells) which are tolerant to antibiot-
ics [44, 45]. Early detection of an implant-associated
infection is favorable and could lower the morbidity and
mortality [2, 46]. The rationale behind the current novel
immunoPET tracer lies in utilizing a highly specific
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Fig.6 SPECT/CT scans using [*™Tc]Tc-MDP (bone scintigraphy) and PET/CT scans with ['8FIFDG demonstrate comparable uptake at both biofilm-infect-
ed and sterile implant sides consistently throughout the study period.Legend: The green L indicates the left sterile implant and the red R indicates the
right biofilm-infected implant. The SUVbw and ratio of the femurs with implants are displayed. Posteroanterior (PA) and sagittal planes are depicted. (a)
[®MTc]Tc-MDP SPECT shows uptake in both implant sites. The ratio SUVbw between femur with biofilm-infected implant and femur with sterile implant
on days 4, 10, and 13 post-surgery was 1.07, 1.22, and 1.07, respectively. (b) ['8FIFDG PET shows uptake in both implant sites. The ratio SUVbw between
femur with biofilm-infected implant and femur with sterile implant on days 4, 10, and 13 post-surgery was 1.13, 1.10 and, 1.77, respectively

antibody that targets bacteria and their biofilms, which
also serves as a carrier for positron-emitting radionu-
clides (Table 1). In addition, the use of PET imaging is
more favorable than SPECT imaging as PET has better
image quality and is more suitable for quantification [24].
Hence, we also included [**F]-NaF in the experiment to
image osteoblastic activity, similar to [**™Tc]-MDP, but
using the higher-resolution PET modality. Throughout
the complete study duration, significant more uptake
(SUVbw) of the novel immunoPET tracer is observed in
the femur with the biofilm-infected implant. Even after
13 days post-surgery, significant more accumulation

(%ID/gram) was observed in the femur with a biofilm-
infected implant, highlighting the selective targeting
capabilities of this novel ImmunoPET tracer with the
4497-antibody.

In contrast, due to heightened osteoblastic activity in
both the infected and sterile side, increased accumula-
tion of MDP was anticipated (Table 1). Throughout the
complete study duration, the SUVbw ratio between the
femur with biofilm-infected implant and femur with ster-
ile implant (resembling a postoperative inflammation)
showed comparable uptake values with bone scintigra-
phy ([**™Tc]Tc-MDP SPECT). Likewise, due to increased
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Fig.7 PET/CT scans with ['®FINaF demonstrate comparable uptake at both biofilm-infected and sterile implant sites. The green L indicates the left sterile
implant and the red R indicates the right biofilm-infected implant. Posteroanterior (PA) and sagittal scans are depicted. The SUVbw and ratio of the femurs
with implants are displayed. The ratio SUVbw between the femur with biofilm-infected implant and the femur with sterile implant on days 6 and 12 post-

surgery was 0.95 and 1.09, respectively

inflammatory processes in both sides, increased glucose
(FDG) uptake was anticipated (Table 1). ['’F]FDG PET
analysis on day 4 and 10 post-surgery showed equal
glucose uptake. Interestingly, the SUVbw on day 13
post-surgery of the femur with implant from the sterile
side showed a decrease in uptake and likely reflects the
decreased inflammatory response over the post-surgical
time. Similarly, ['*®F]NaF PET runs into the same differ-
entiating issues as bone scintigraphy (Table 1). On day
6 and 12 post-surgery, the uptake value was similar for
both sides. In conclusion, conventional nuclear imaging

techniques are unable to distinguish between post-surgi-
cal inflammation and infection in the early postoperative
period, whereas the novel immuno-PET tracer demon-
strates the ability to make this distinction.

CFU assessment at the end of the experiment con-
firmed the presence or absence of infection (Fig. S3). Two
animals were excluded from the image analysis due to
an infected left (sterile) side. Interestingly, the PET/CT
analysis of the [3°Zr]-4497 (600 pg co-injection) imaging
group showed uptake of the ImmunoPET tracer at this
left ‘sterile’ side beginning on day 6 post-surgery (Fig. 5).

Table 1 Mechanism of action of Nuclear Agents for Infection and Postoperative Inflammation Imaging in implant-related infections

during the first postoperative period

Imaging Mechanism of action Tracer Infection Postoperative inflammation Refer-

modality ences

Immu- Specific binding to the WTA-  Anti-B-GIcNAc Binding to the WTA-glycopolymer  No binding expected due tothe  [25,

noPET with  glycopolymer present on WTA 4497-antibody on the bacterial cell wall and absence of bacteria and biofilm. 28,

[397r1-4497 gram-positive bacteria and its surface biofilm. 29]
biofilm surface.

Bone scintig-  MPD Binds to the hydroxy- Methyl-diphospho-  MDP uptake is increased by MDP uptake is increased by [33-

raphy (["Tc] apatite crystals, produced by~ nate (MDP) binding to hydroxyapatite crystals  binding to hydroxyapatite 36]

Tc-MDP osteoblasts (chemisorption). formed due to enhanced osteo- crystals formed due to enhanced

SPECT) blastic activity following bacterial  osteoblastic activity following new

internalization. bone formation.

['8FIFDG PET  Activated leucocytes express  Fluorodeoxyglu- FDG uptake is increased in acti- FDG uptake in activated leuko- [20,
more GLUT1 and GLUT3 cose (FDG) vated leucocytes/macrophages cytes is increased due to inflam- 37-40]
receptors. due their response to infection. mation in tissues, such as during

early bone repair.

["8FINaF PET  '8F-ions exchange with hy- No tracer, '8F-NaF  '8F-ions uptake is increased by '8-jons uptake is increased [35,
droxyl ions of hydroxyapatite  will dissociate into  binding to hydroxyapatite crystals by binding to hydroxyapatite 36],
crystals which are produced by Na*and "8F-fluo- formed due to enhanced osteo- crystals formed due to enhanced  [41-
osteoblasts (chemisorption). ride (F7) ions. blastic activity following bacterial  osteoblastic activity following new 43]

internalization.

bone formation.
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Ex vivo biodistribution of
[3°Zr]-4497 (ImmunoPET) imaging groups

;- " .' "' kel qi Il' ;*I |l l" i" i.“

X QXN Qa2 0@ P
bQJ \,bo O %\b 6\6 g\b ‘b\b b@

\0\3\0 O O A\ o
MR O IO ICS
R T S
& P € O
) %0 &0 G_’O >
& SR P > F
S &R
SNV @ Gt
) LN O Q
SP N Ve
RS
& ¥
S
Q‘?'&

mm  [%97]-4497 with no co-injection of cold 4497-antibody (n=3)

[89Zr1-4497 with 300 mg co-injection of cold 4497-antibody
(n=3)

[89Zr]-4497 with 600 mg co-injection of cold 4497-antibody
(n=2)

Fig. 8 Ex vivo biodistribution of the [89Zr}—4497 ImmunoPET imaging
groups demonstrates a dose-dependent increase in radiolabeled antibody
accumulation at the biofilm-infected implant site with co-injection. Organs
and implants were harvested and individually measured using a gamma
counter at 13 days post-surgery. The mean (SD) tissue accumulation of
the ImmunoPET tracer Is expressed as %ID/gram. A dose-dependent in-
crease in accumulation is observed in the femur with the biofilm-infected
implant and in the articular capsule following the co-injection of cold
4497-antibody. Conversely, a dose-dependent decrease is accumulation
in observed in the spleen with co-injection of cold 4497-antibody.

This contamination, could also have resulted from a later
acquired infection, received in the cage through bacte-
rial shedding from the animals. As such, utilizing Immu-
noPET with PET/CT analysis demonstrated satisfactory
sensitivity for an early-stage bacterial focus.

In this study, no significant changes in WBC, RBC, or
hemoglobin levels were observed, suggesting that bone
marrow suppression did not occur (Fig. S5). Importantly,
when using radiolabeled antibodies in subjects with an
infection, maintaining the WBC count is crucial, as this
is commonly observed in patients receiving radiolabeled
antibodies for therapeutic purposes [47]. The thrombo-
cytopenia observed in the present study may be attrib-
uted to the surgical intervention in both femoral bones,
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along with bone marrow infection and Staphylococcus
aureus bacteremia.

Previous experience with the application of the radio-
labeled antibody in in vivo surgical models involving
implant infections have demonstrated a complex biodis-
tribution pattern. This complexity arises from the onset
of a new infection in the joint, also leading to an arthritis-
induced thickened articular capsule (Fig. S2). Inducing an
in vivo implant infection may also lead to infection of the
wound and joint, resulting in the formation of additional
target sites for the immunoPET tracer beyond the femur
with the biofilm-infected implant, which are more acces-
sible to the ImmunoPET tracer.

Several animal studies have demonstrated the con-
cept of co-injection of cold antibodies to improve bio-
distribution [48-51]. Since antibodies transport through
convection to inner tissues, organs with loose endothe-
lia (such as the spleen) tend to accumulate antibodies
[52]. Building on this principle, the hypothesis behind
co-injection with the cold 4497-antibody was that satu-
rating FcR-expressing cells in the spleen would reduce
antibody sequestration, thereby increasing systemic
availability [53]. The ratio between the infected articular
capsule (R) and the femur with biofilm-infected implant
(R) decreases with the use of the cold 4497-antibody,
suggesting that co-injection indeed enhances systemic
availability. However, the use of co-injection should be
performed with caution as this could also result in epit-
ope blocking for the radiolabeled 4497-antibody. Leading
to a situation where the radiolabeled antibody competes
with the unlabeled antibody [54]. A potential effect of
competition could be observed in the shift of greatest
proportional difference in SUVbw between the femur
with biofilm-infected implant and femur with sterile
implant. The largest uptake difference between infected
side (R) and sterile side (inflamed, L) occurred on day
4 post-surgery in the ImmunoPET group without cold
4497-antibody (ratio of 5.71, Fig. 4C). In contrast, the
peak SUVbw ratio shifted to day 6 (4.07, Fig. 4D) and day
13 (4.21, Fig. 5) for the 300 pg and 600 pg co-injection
groups, respectively. This shift may result from delayed
binding to the biofilm-infected implant due to competi-
tion with the co-injected cold-antibody. In a clinical sce-
nario, it is questionable whether adding cold antibodies
is necessary. Future animal and human studies should
assess the target-to-background ratio and evaluate the
need for cold antibody co-injection to enhance delivery
of the 4497-antibody.

Another way to strengthen future experimental animal
studies is by using a study design that includes both the novel
ImmunoPET tracer and [*™Tc]Tc-MDP SPECT-radiotracer
within the same imaging group. This would eliminate con-
founding factors such as intra-animal variability, differences
in administered doses, and environmental conditions.
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The use of radiolabeled antibodies as ImmunoPET
tracers for implant-associated infections has been pre-
viously explored. Earlier studies have evaluated simi-
lar approaches using Zirconium 89 labeled antibodies,
including the 1D9-antibody targeting the IsaA antigen
and the SAC55-antibody targeting lipoteichoic acid [55,
56]. However, all these experiments lack an in vivo ani-
mal model with an intra-animal-controlled design in
combination with the complexity of biofilm. Our current
study design allows us to evaluate the diagnostic capabil-
ity in combination with an approach which effectively
mimics the characteristics of biofilm-associated infec-
tions (a low-grade infection), such as phagocytosis inhi-
bition, chronicity, and low metabolic activity [57-60].

Conclusion

This biofilm-associated implant infection model, which
also resembles a challenging surgical scenario, demon-
strated specific and sensitive uptake of the novel Immu-
noPET tracer at the infected side throughout the study,
performing much better than all the conventional nuclear
imaging modalities. Consequently, the introduced Immu-
noPET tracer, consisting of Zirconium-89 radiolabeled
4497 antibody targeting wall teichoic acid, represents a
highly promising nuclear imaging modality for the diag-
nosis of a low-grade implant infection in the critical early
postoperative period and for the accurate differentiation
between aseptic and septic implant loosening. Early dif-
ferentiation of implant infection from inflammation
would enable timely treatment decisions after surgery,
potentially leading to improved outcomes in surgical
infection treatments. However, before clinical introduc-
tion of the proposed ImmunoPET tracer, the versatility of
this imaging modality should be further investigated with
in vivo studies using various types of pathogens such as
e.g. gram-negative bacteria or polymicrobial infections.

Abbreviations

['"®FIFDG 2-deoxy-2-[®FIfluoro-D-glucose

['8F] Naf Sodium fluoride-18

4497-antibody  Mut (H+Y) HulgG1-anti-Wall Techoic Acid-4497 antibody

18971]-4497 The 4497-antibody labeled with Zirconium-89

[P Tc]Te-MDP Technetium-99 m labeled methylene disphosphonate

CFU Colony forming units

HE-UHR-RM High-energy Ultra High-Resolution Rat Mouse

IgG1 Immunoglobulin G subclass 1

ImmunoPET Immuno-positron emission tomography

0OD600 Optical Density at 600 nanometers

PET/CT Positron Emission Tomography / Computed Tomography

RBC Red blood cell

SPECT/CT Single Photon Emission Computed Tomography /
Computed Tomography

SUVbw Standardized Uptake Value (SUV) normalized to body
weight (bw)

TSB Tryptic Soy Broth

WTA Wall Teichoic Acid

WBC White Blood Cell

%ID Percentage Injected Dose
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