
 

 

 University of Groningen

Bacteria-targeted infection imaging
Heuker, Marjolein

DOI:
10.33612/diss.177500497

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Heuker, M. (2021). Bacteria-targeted infection imaging: Towards a faster diagnosis of bacterial infection.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.177500497

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.177500497
https://research.rug.nl/en/publications/d43230fe-8f76-4feb-b3ab-72494d8e7562
https://doi.org/10.33612/diss.177500497




Chapter 10
Summary, discussion and conclusion



184

Chapter 10

Summary

Infectious diseases have always been a major threat to human health and, despite major advances 

in medicine and the development of potent antimicrobial agents, this is still true today. In 2017, 

bacterial infections caused globally more than 8 million deaths and they were responsible for most 

morbidity among the human diseases.1 Despite advanced diagnostic technologies for typing and 

detection of pathogens, diagnosis of bacterial infections is unfortunately rarely straightforward 

and often it is time-consuming to identify the causative agent.2 Moreover, current anatomical and 

functional imaging modalities are insufficiently capable of distinguishing bacterial infection from 

sterile inflammation.3–6 As a consequence, the treatment of infections may be delayed or ineffective. 

Therefore, novel fast and accurate diagnostic techniques to detect and identify bacterial pathogens 

are urgently needed.

Bacteria-targeted fluorescence imaging is a promising diagnostic approach with the potential to 

improve diagnosis for different infectious diseases.6,7 This thesis presents an overview of currently 

used infection imaging techniques with a focus on positron emission tomography (PET) and newly 

designed bacteria-specific fluorescence imaging approaches to diagnose different infectious 

diseases. Chapter 1 describes the general introduction, the diagnostic challenges and the outline 

of this thesis.

Chapter 2 is a literature review on bacteria-targeted radionuclide-mediated and fluorescence 

imaging. In the past years, target selection has mainly been focused on antibiotics and antimicrobial 

peptides.1 Although radiolabelled bacteria-targeted tracers seem promising, many tracers may 

not be ideal candidates for bacteria-specific imaging in patients. For example, the advanced 

radiolabelled antibiotic ciprofloxacin (99mTechneticum-ciprofloxacin; 99mTc-ciprofloxacin; Infection©) 

was not able to reliably differentiate infection from sterile inflammation. Other promising imaging 

agents are based on bacteria-specific metabolizable compounds such as 6-[18F]-fluoromaltose (18F-

FM) and 2-[18F]-fluoro-deoxy-sorbitol (18F-FDS). It is believed that these metabolizable compounds 

have high potential for the clinical translation of bacteria-targeted imaging. A relatively new and 

upcoming imaging technique is bacteria-targeted imaging based on fluorescence. Several studies 

have shown promising results in animal infection models where different bacteria-targeted 

tracers were used. One of these promising tracers is based on the antibiotic vancomycin coupled 

to the near-infrared (NIR) fluorophore IRDye800CW (in short vanco-800CW). Importantly, vanco-

800CW allowed the specific detection of Staphylococcus aureus over sterile inflammation or a 

Gram-negative bacterial infection in vivo. Overall, novel imaging modalities are highly needed to 

accurately and quickly diagnose bacterial infections. In this regard, bacteria-targeted imaging is an 

attractive option, due to its specificity and ease of detection. Clearly, a rapid and accurate diagnosis 

is crucial for the effective treatment of a vast number of infectious diseases. Even though it remains 

uncertain which particular tracers will ultimately prove to be most appropriate for clinical use, it can 
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be anticipated that some of the tracers and respective imaging techniques described in Chapter 2 

will be implemented in routine clinical diagnostic procedures.

Chapter 3 is focused on the clinically used radionuclide-mediated infection imaging modality 

PET. Fluorine-18-fluorodeoxyglucose (18F-FDG) combined with PET imaging can be used to detect 

infection and inflammation, and it is especially useful in tracking down the cause of fever of 

unkown origin.4,8 This non-specific infection imaging technique is based on the glucose uptake by 

cells involved in the inflammatory process and, therefore, it does not readily distinguish between 

bacterial infection and sterile inflammation.9 In Chapter 3, the intriguing question is answered 

whether infecting bacteria accumulate 18F-FDG and potentially contribute to the signal detected 

by 18F-FDG-PET infection imaging. A wide range of frequently encountered bacterial pathogens did 

indeed show active uptake of 18F-FDG in vitro. Accordingly, it seems plausible that these pathogens 

also accumulate 18F-FDG and contribute to the 18F-FDG-PET signal in human. Of all tested bacteria, 

Streptococcus pyogenes displayed the highest uptake of 18F-FDG. However, some infections 

caused by this bacterium, especially necrotizing fasciitis, require immediate antibiotic therapy and 

aggressive surgery. This emphasizes the need for faster, preferably real-time, bacteria-targeted 

imaging that cannot be achieved with 18F-FDG-PET.

With the overarching objective to explore the possibilities for bacteria-specific infection imaging, the 

research described in Chapters 4 to 6 addressed the targeted detection of staphylococcal infections. 

In particular, S. aureus is responsible for the majority of skin and soft tissue infections, but can 

also cause other severe infectious diseases, such as osteomyelitis and bacteraemia.10 A previously 

developed fully human monoclonal antibody (1D9) against the immunodominant staphylococcal 

antigen A (Isa A)11 was coupled to the NIR fluorophore IRDye800CW for fluorescence imaging, or 
89Zirconium for PET (Chapter 4). Here, specific targeting of S. aureus was demonstrated, both in 

a human post-mortem infection model and in an in vivo murine skin infection model. Although 

the results seem promising for both the fluorescence and PET imaging, further research will be 

needed to evaluate the effectiveness of the human monoclonal antibody 1D9 to target deep-seated 

infections.

Chapter 5 describes a smart-activatable tracer that responds to the enzymatic activity of a 

micrococcal nuclease that is specifically secreted by S. aureus. This tracer consists of a fluorophore 

and a quencher, and it has the favourable characteristic to only emit a fluorescence signal when it is 

cleaved by nuclease activity. Of note, the investigated tracer was a derivative of a previously described 

nuclease-activated tracer12 with enhanced sensitivity for the micrococcal nuclease. Therefore, the 

investigation was focused on the new tracer’s sensitivity, specificity and stability in human blood 

and plasma. Subsequently, Chapter 6 gives a glimpse of the future clinical implementation of this 

nuclease-activated tracer in diagnosing early and accurate S. aureus bloodstream infections.
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The research presented in the last sections of this thesis (Chapters 7 to 9) was aimed at exploring 

new clinical applications for bacteria-targeted fluorescence imaging. The first step to reach this aim 

is shown in Chapter 7, where successful ex vivo fluorescence imaging of clinical bacterial biofilms on 

osteosynthesis devices with vanco-800CW is described. In fact, the bacteria-targeted fluorescence 

imaging with vanco-800CW allowed a correct diagnosis of FRIs in less than 30 min, which represents 

a remarkable increase in the time to result compared to the standard microbiological diagnosis. It 

can be anticipated that, for patients with fracture-related infections (FRIs), in vivo fluorescence-

guided surgery may be of even greater value, since it can provide surgeons with real-time visual 

information on the infected tissue and materials, allowing them to spare the non-infected 

surrounding tissue.

In Chapter 8, the feasibility of fluorescence-guided arthroscopic imaging of prosthetic joint 

infections (PJIs) is presented for the first time in a human post-mortem knee infection model. 

Also in this setting, the fluorescent vanco-800CW tracer allowed accurate real-time detection of 

a staphylococcal biofilm. Moreover, it was shown that the fluorescently labelled vancomycin has 

affinity for biofilms of most Gram-positive bacteria, which are the causative agents in the majority 

of PJIs. Therefore, this application holds great promise for future clinical implementation.

Lastly, fluorescence-targeted imaging of bacterial colonisation and infection in the human distal 

lung is presented in Chapter 9. By combining probe-based confocal laser endomicroscopy with 

microbe-targeted fluorescence imaging, micro-organisms were visualised in the alveolar space 

of human resected lung specimens. Importantly, fluorescence-targeted imaging was shown to 

be of added value in the detection of micro-organisms, even in cases where the gold standard of 

microbiological culture failed.

Discussion

Future diagnostic perspectives
Bacteria-targeted imaging is an attractive diagnostic modality, which is of upcoming interest these 

days. This technique can pinpoint infections more specifically than the currently used anatomical 

and functional imaging modalities. Although bacteria-targeted imaging is still in its infancy, the 

development of specific tracers and various imaging modalities described in this thesis demonstrates 

the potential benefits for diagnosing several infectious diseases. In addition, this technology may 

also be of great value for monitoring the treatment response and patient follow-up in the clinical 

practice. Notwithstanding the promising results obtained, more research and further development 

of new targeting molecules and imaging agents is needed to improve the imaging sensitivity. 

Translation of tracers into clinical use would be easiest for those molecules that have shown to be 

non-toxic for patients, such as the antibiotic vancomycin and the NIR fluorophore IRDye800CW.13 

Other aspects of bacteria-targeted infection imaging that need further development relate to the 
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computer-aided image analysis through sophisticated machine-learning and artificial intelligence 

approaches for enhanced detection of abnormal patterns. This will allow a more accurate distinction 

between infected areas and normal structures.

Over the past years, much experience has been gained in fluorescence-targeted imaging in the 

field of oncology and surgery.14–19 Using fluorescence-guided surgery, tumour spots of <1 mm 

were visualised in patients with ovarian cancer.20 Likewise, in the field of infectious diseases, intra-

operative bacteria-targeted fluorescence imaging might be able to accurately visualise the extent 

and borders of infection. For example, in fulminant infectious diseases, such as the afore-mentioned 

necrotizing fasciitis, a more precise resection of infected tissue would potentially improve patient 

outcome.

It is believed that bacteria-targeted fluorescence imaging allows for an early and accurate bedside 

diagnosis in different infectious diseases, such as pneumonia or biomaterial-associated infections 

(Chapters 7, 8 and 9). However, a major drawback of fluorescence imaging is its limited penetration 

depth, which makes this technique mainly suitable for surface and endoscopic imaging. Another 

promising real-time imaging technique that allows detection of appropriate tracers at a tissue depth 

of several centimetres is optoacoustic imaging.21 The optoacoustic imaging modality is based on the 

absorption of light by photo-absorbing molecules, followed by thermo-elastic expansion, which 

results in the emission of ultrasound waves.22–24 This new imaging approach holds great promise for 

the enhanced diagnosis of deeper-seated infections in patients.

Most investigated imaging approaches described in this thesis involve the use of a single tracer. It is, 

however, very well conceivable that the use of multiple tracers targeting different micro-organisms 

and multi-spectral imaging will allow a precise identification of the causative agent. For instance, the 

Staphylococcus-specific antibody 1D9 or the nuclease-specific smart activatable tracer described 

in Chapters 4, 5 and 6 could be complemented by other species-specific tracers. However, as 

long as these tracers are not yet available, Gram-positive and Gram-negative bacterial pathogens 

could be visualised, respectively, with vanco-800CW and the colistin (polymyxin E)-based tracer 

described in Chapters 7, 8 and 9.13,25,26 In this respect, it would be even more desirable to develop 

targeting molecules that are able to discriminate between antibiotic resistant and non-resistant 

micro-organisms. In particular, smart-activatable tracers, such as the nuclease-activated tracer 

described in Chapters 5 and 6 of this thesis, that allow for greater target-to-background ratios, 

would be well suited for this purpose. To further improve imaging techniques for the detection 

of infectious agents, multi-modality imaging with tracers that emit both a fluorescence signal and 

a second signal based on for example radionuclides or MRI contrast agents, would allow for pre-

operative localisation of deep-seated infections and intra-operative guidance.27,28 Feasibility of this 

concept was shown for the Staphylococcus-specific antibody 1D9 as demonstrated in a recent study 

by Zoller et al., where this antibody was dual-labelled with a NIR fluorophore and 89Zirconium.29
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Future therapeutic perspectives
Besides bacteria-targeted imaging for diagnosing infectious diseases, a bacteria-targeted therapeutic 

approach could improve the treatment of infections. In particular, a potential therapeutic approach 

based on targeted photodynamic therapy (PDT) appears highly attractive.30–39 Bacteria-targeted 

PDT is based on the excitation of a photo-sensitive molecule, a photosensitizer, resulting in both 

an optical signal and the generation of reactive oxygen species that specifically kill the targeted 

micro-organism. Targeted PDT against S. aureus was recently described in vivo and in a human 

post-mortem model with a so called theragnostic agent, based on the Staphylococcus-specific 

antibody presented in Chapter 4 of this thesis.40 This specific theragnostic agent is able to disrupt 

biofilms, and it is therefore highly promising for the treatment of biomaterial-associated infections. 

Theoretically, once a biofilm gets disrupted, bacteria will become more susceptible for antibiotic 

treatment, which will improve eradication of the infecting micro-organisms.

Besides the treatment of biomaterial-associated infections, bacteria-targeted PDT could potentially 

be of great value for the treatment of many different infectious diseases. For example, as highlighted 

in Chapter 9, targeted treatment in donor lungs, in an ex vivo lung perfusion setting, could be of 

help to prevent pneumonia in the recipient in the future. In principle, bacteria-targeted therapy 

could aid in the cleaning-up of organs prior to transplantation. Whether this is a realistic option 

needs to be assessed through further research.

Conclusion

Altogether, this thesis describes the possible use of bacteria-targeted imaging in the diagnosis of 

different infectious diseases with focus on bloodsteam infections, biomaterial-associated infections 

and pneumonia. Bacteria-targeted fluorescence imaging is fast and feasible, and has a high potential 

to aid in the accurate diagnosis of infections, which will be of great benefit for patients. Moreover, 

this relatively new imaging technique will most likely allow for the intra-operative direct detection 

of infecting micro-organisms. As described in this thesis, different bacteria-targeted tracers are 

promising candidates for clinical implementation. Future studies are needed to translate these 

tracers and the respective imaging modalities into the clinical setting. However, already now it can 

be foreseen that reinforcement of the here presented diagnostic approaches with optoacoustic 

imaging, multi-spectral or multi-modality imaging, and targeted therapy is likely to empower the 

fight against infectious diseases.
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